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Medotopes by Squibb—- 
Radioactive Pharmaceuticals for diagnosis and therapy 


IODOTOPE DIAGNOSTIC 
Th d gland uptake, 
ein-bound-iodine (PBI) 


s, and thyroid scanning. 


ALBUMOTOPE 

Blood and plasma volumes; 
circulation times, cardiac 
output 


CHROMITOPE SODIUM 
Tagging red blood cells 
for volume, survival, 
gastrointestinal bleeding 


OLEOTOPE 

Fatty acid absorption studies 
TRIOLEOTOPE 

Fat absorption and 
pancreatic function 

studies 


RADIO-CHOLOGRAFIN 
Liver function, blood 
circulation studies 
ROBENGATOPE 

Liver function. 


HIPPUTOPE 
Kidney function, 
circulation time 


Medotopes cover an extensive range of 
diagnostic and therapeutic procedures, 
each reflecting the latest developments in 
radioactive medicine. All Medotopes con- 
vey, as well, the utmost in safety and con- 
venience, All feature unique packaging 
safeguards: exclusive lead shield en- 
closures for easy opening —no direct 
contact is required; bottle caps unscrew 
automatically; shipping cartons have 
“pull-tab” openers; vials and bottles are 
carefully encased and then doubly pro- 
tected by transparent, shatterproof plastic 
coatings. Each preparation is custom- 
handled. Delivery is custom-routed by 
Squibb Traffic Service. Access to three 
major airports expedites this service. 

Diagnostic Medotopes, in addition to 
those illustrated, are: Chromitope Chlor- 
ide * Ferrutope * Phosphotope * Rubra- 
tope 58 and 60 * Cobatope 58 and 60 
Tritiotope * Therapeutic Medotopes are: 


Aureotope * Chromphosphotope ¢ Iodo- 
tope * Iriditope * Phosphotope. 


For full information, communicate with 
E. R. Squibb & Sons, Professional Service 
Department, 745 Fifth Avenue, New York 
22, New York. 
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Squibb Quality 
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‘pHospHotope’®, “RoBencatore’®, ‘nusratore®, ‘rritiotore®, 


AND “trioceorore ® ARE SQUIBB TRADEMARKS, 





Why arthritic patients 
feel much better on Dianabol 


1. In arthritis, 
Dianabol improves general 
physical condition 


Arthritis, like other chronic illnesses, plunges 
the body into a catabolic state. Protein stores 
are depleted; appetite wanes; weight drops; 
strength and vigor decline. By aiding the dep- 
osition, synthesis and utilization of protein, 
and by conserving calcium, Dianabol pro- 
motes lean weight gain, increases strength and 
vitality, and strengthens bone structure in pa- 
tients with a wide range of chronic diseases. 
Recent studies show that adjunctive use of 
Dianabol may be particularly valuable in pa- 
tients with arthritis to improve over-all clini- 
cal status. Kuzell and Naugler,' for example, 
report that arthritic patients on Dianabol 
“generally have experienced an increase in 
appetite, weight, strength and endurance.” 
Kuzell and Naugler note further: “Unlike 
some other testosterone derivatives, the use 
of this compound [Dianabol] is not followed 
by virilizing phenomena. Fluid retention has 
been no problem.” 


2. In arthritis, 
Dianabol helps restore 
a sense of well-being 


Plagued by pain and reduced mobility, ar- 
thritics often lose hope and become depressed. 
The marked improvement in general health 
usually associated with therapy with Dianabol 
may have a favorable effect in these patients, 
as it has in so many chronically ill individuals. 
As physical status improves, hope is revived 
and a sense of well-being restored. Comment- 
ing on the use of Dianabol in a group of debil- 
itated, cachectic patients, Gingrich? states: 
“The majority of patients experienced in- 
crease in appetite and a feeling of well-being.” 


3. In arthritis, 

Dianabol augments the 
beneficial effects of 
salicylates, corticosteroids, etc. 


Several investigators'4 have observed im- 
proved therapeutic response after the addition 
of Dianabol to antiarthritis regimens. Kuzell 
and Naugler' state: “In generalized osteo- 
arthritis, symptoms have been less bother- 
some, and in ankylosing spondylitis gain in 
weight and strength has followed the use of 
Dianabol.” Clark,? reporting on 12 hospi- 
talized patients with rheumatoid arthritis be- 
ing given moderate to large doses of 
corticosteroids with evidence of steroid intox- 
ication, noted that the addition of Dianabol 
promptly decreased joint symptoms but in- 
creased steroid intoxication. However, with 
Dianabol it was possible to reduce corticoster- 
oid dosage considerably, while maintaining 
and even furthering clinical improvement. In 
15 ambulatory patients on small maintenance 
doses of corticosteroids, the addition of 
Dianabol resulted in further clinical improve- 
ment which was continued even when corti- 
costeroid dosage was reduced in some cases.>4 


4. In arthritis, 
Dianabol counteracts 
the catabolic effects 
of corticosteroids 


Prolonged use of corticosteroids may result in 
excessive breakdown of protein in all tissues, 
including bone,° as well as undue phosphorus 
and calcium loss.® If protein destruction is 
allowed to go unchecked, it may lead to oste- 
oporosis—a condition that has occurred with 
increasing frequency in patients receiving cor- 
ticosteroids for extended periods.’ 

Tillis® asserts that it is “imperative” to restore 
the protein bone matrix in such patients 





through the use of an anabolic agent. He stud- 
ied the specific anabolic benefits of Dianabol 
in 50 patients with osteoporosis (34 postmen- 
opausal and 16 corticosteroid-induced), most 
of whom also had rheumatoid arthritis. 
Dianabol relieved bone pain, increased 
strength and vigor, and induced a sense of 
well-being in 41 (82 per cent) of these pa- 
tients. Edema, observed in 8 patients, was 
cleared in 4 by reduction of dosage; the re- 
maining 4 responded promptly to hydrochlor- 
othiazide. Gastric distress was noted in 2 
patients, slight hoarseness in 1 woman, and 
facial acne in 1 woman. Other investigators*. 
have shown that addition of Dianabol to the 
regimens of patients receiving corticosteroids 
improved nitrogen and potassium metabolism 
and reduced phosphorus and calcium losses. 
Reporting on 10 patients taking cortico- 
steroids, most of whom had corticosteroid- 
induced osteoporosis and/or myopathy, 
Abbott? states: “In the patients who showed 
a markedly negative nitrogen balance the 
administration of 10 mg. of Dianabol per day 
greatly reduced the protein deficit. In others 
who were eating well and taking smaller 
amounts of corticosteroids a positive nitro- 
gen balance resulted which increased with 
Dianabol.” Abbott notes that creatinuria, 
which occurred on corticosteroids alone, was 
increased by Dianabol, as it is by methyl- 
testosterone and the newer oral methyl- or 
ethyl-testosterone derivatives. However, he 
observes that the “significance of this creatin- 
uria is not known and no ill effects have been 
ascribed to this change.” While the finding 
of elevated serum aldolase levels raised the 
theoretical possibility of potentially deleteri- 
ous effects, Vignos et al® and Abbott? noted 
no androgenic or myopathic effects and no 
liver disorders in patients who took Dianabol 
and corticosteroids for up to 8 months. Kuzell 
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and Naugler'! state it is their impression that 
Dianabol has checked weight loss following 
prolonged administration of triamcinolone in 
patients with rheumatoid arthritis. They add 
that, with Dianabol, protein patterns have 
migrated toward normal profiles, purpura 
consequent to corticosteroid administration 
has been lessened, and the erythrocyte sedi- 
mentation rate has been diminished. 


advantages of 
Dianabol over other 
anabolic agents as an 
adjunct in the 
treatment of arthritis 


a Dianabol has an exceptionally favorable 
anabolic/androgenic ratio. The anabolic ef- 
fects of Dianabol occur at dosages which 
generally preclude androgenic side reactions. 
In this respect, Dianabol has proved superior 
to 12 other anabolic compounds." Laboratory 
evidence also indicates that Dianabol has no 
estrogenic, progestational, or corticoid-like 
activity which might be clinically detrimental. 
# Dianabol is economical. Low in cost, 
Dianabol is especially suitable for arthritic pa- 
tients who usually require long-term therapy. 
s Dianabol is effective orally. Because it is an 
oral preparation, Dianabol spares patients the 
inconvenience and discomfort of parenteral 
drugs. 


Dianabol 


low-cost, oral anabolic agent 


an important new ally in 
the treatment of arthritis 


Other indications for Dianabol: 

+ Underweight, debility and weakness 

- General physical weakness and cachexia due 
to chronic diseases 

¢ Retarded convalescence from illness, 
surgery, fractures, wounds, and burns 

For complete information about Dianabol (including 


dosage, cautions, and side effects), see 1961 Physicians’ 
Desk Reference or write CIBA, Summit, N. J. 
SUPPLIED: Tablets, 5 mg. 

(pink, scored); bottles of 100. et 
DIANABOL® (methandrostenolone CIBA) 
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The all-new 1961 Laboratory Model 31L 
® smaller 
@ fully-insulated bath 
@ 5-year refrigeration 
© push button operation 
® more stable probes 


More laboratories have specified Osmometers 
from Advanced Instruments than from all other 
sources combined. 


ADVANCED 
OSMOMETERS 


® Regional schools of Osmometry 


® Continuing service and complete 
parts for all earlier models 


© Advanced uniform 6-Step instructions 


for all models 


Send for latest specifications today 
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Murfreesboro, Tennessee—VA- 
CANCY: Staff Pathologist for 
neuropsychiatric hospital with 
modern facilities for the diag- 
nosis and treatment of mental 
illiness. Salary to $13,510 de- 
pending on qualifications. Fringe 
benefits. Cost of moving to Mur- 
freesboro will be paid by Veterans 
Administration. Contact Man- 
ager, Veterans Administration 
Hospital, Murfreesboro, Tennes- 


see. 
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NEW MAGNETIC DATA RECCRDER 
ERT Ie 


) . yrseernadd designed for medical researchers, 


teachers and clinicians. Economical data 
storage ... designed to instrumentation standards 
... precise repeatability for data processing... 
wide band width ... time scale expansion or com- 
pression... economy and reuseability of tape... 
these are some of the advantages of adding this 
magnetic data recorder to your recording facilities. 


The Sanborn-Ampex Series 2000 Magnetic Data Re- 
corder serves as an ideal companion to other Sanborn 
instruments for biophysical research. Any phenom- 
ena routinely recorded on a direct-writing or photo- 
graphic recorder may be recorded on magnetic tape, 
using the same preamplifiers. Data thus stored can 
later be graphically recorded for detailed study or 


teaching purposes, displayed on a meter or ’scope, 
or fed into a computer for processing and statistical 
analysis. 


Operation of the instrument is simple and straight- 
forward. All channels may be quickly aligned without 
need for auxiliary equipment. 


For complete information call the nearest Sanborn 
Branch Office or Service Agency — or write Manager, 
Research Instrument Sales. 


SANBORN-AMPEX SERIES 2000 MAGNETIC DATA 
RECORDER in mobile cabinet provides up to 7 recording channels, 
4 tape speeds, power supply and Sanborn plug-in electronic circuits 
for either FM (DC to 5000 cps) or direct recording (50-50,000 cps). 
The system uses 44-inch tape on 10\%-inch reels for up to 3.2 hours 
of continuous recording. 


SANB ORN COMPANY MEDICAL DIVISION, WALTHAM 54, MASS. 
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BIO-SCIENCE LABORATORIES OFFERS 
SUPPLEMENTAL LABORATORY SERVICE 


Determinations and Assays in... 
Biochemistry, Endocrinology, Toxicology, 
Microbiology-immunology, Enzymology, 
Radio-isotope Procedures 


Bio-Science Laboratories offers an unusual service to 
researchers in the bio-medical field .. . a full range 
of laboratory tests in biochemistry, endocrinology, 
microbiology-immunology, toxicology, enzymology, 
radio-isotope procedures. You who are working under 
research grants will find our service of especial bene- 
fit: it allows you to concentrate your own efforts on 
the essential aspects of the research, knowing that 
the recurring lab tests are taken care of by a fully 
equipped, well staffed, professional laboratory with 
long experience in the field. 


BIO-SCIENCE 
LABORATORIES 


“The Unusual Laboratory... 
for Unusual Tests”’ 








feist pusblishiil . . 
BIOELECTRICITY 


By E. E. Suckling, D.E.E. 


Associate Professor of Physiology & Medical Physics, Dept. of 
Physiology, State University of N.Y., Downstate Medical Center 


This work explains electrical theory and introductory 
electronics in a language that is easily understood by the 
physician and other workers in electrophysiology. In using 
the word dioe/ectricity the author is thinking of the electric 
phenomena of the body and also of the technology in- 
volved in their study. The subject thus includes physiology, 
fundamental electricity, and a certain amount of elec- 
tronics. This information is then used as background to 
explain electrophysiologic phenomena of the body and to 
relate these phenomena to their methods of measurement 
and recording. Such subjects as electrodes, blocking and 
distortion effects, and impedance matching are discussed; 
and the author makes full use of the new and direct in- 
formation derived from microelectrode studies in regard to 
the overall bioelectric phenomena as related to single-cell 


activity. 


233 pp., 538 x 8, 92 illus., $8.75 








HUMAN GENETICS: 


Principles and Methods 


By C. C. Li, PA.D., 2/8 pp., 53x 83, 
17 illus., $8.50 


Dr. Li presents in a clear, con- 
the 
principles of human genetics. 


cise manner fundamental 
The entire text is devoted to dis- 
cussions of human families and 
par- 
diseases or 


human populations, and 


ticular hereditary 
traits are used only as examples 
to illustrate very general under- 
The 


emphasizes the analytical as- 


lying principles. author 
pect rather than dealing with 
purely descriptive 


genetics. 


aspects of 


THE ASSOCIATION OF 
AMERICAN PHYSICIANS: 


It First Seventy-five Years 


Edited by Fames Howard Means, M.D., 
316 pp., 6x 9, $10.00 


This work presents the intimate 
and personal history of an asso- 
ciation which is now an institu- 
tion in American medicine. The 
book was written by a man who 
is a past-president of the Asso- 
ciation, and whose affiliation 
with the Association of Ameri- 
can Physicians covers forty 
years. Prepared at the sugges- 
tion of the Association, the work 
is largely based on the official 
publications of the group, al- 
though other historical and bio- 
graphical works have been con- 
sulted. 


THE METABOLIC BASIS OF 
INHERITED DISEASE 

Edited by Fohn B. Stanbury, M.D.; 
James Wyngaarden, M.D.; and Donald 
S. Fredrickson, M.D.; with 46 con- 
tributors, 1477 pp., 6x9, 310 illus., 
$30.00 

This volume presents a com- 
plete coverage of the clinical, 
biochemical, and genetic as- 
pects of genetically determined 
diseases. The rapid covergence 
of biochemical genetics, bio- 
chemistry, and clinical medicine 
has focused attention on the 
forty plus disorders considered 
here, and the presentation of 
comprehensive reviews of these 
diseases in one volume makes 
this a truly definitive work. 
Included in the discussion of 
each disease is a clinical orienta- 
tion section, a full discussion of 
the relevant biochemical proc- 
esses, etc. 
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STEROIDS: FAR FROM ROUTINE THERAPY IN 
RHEUMATOID ARTHRITIS. “...it would now appear 
that the steroids should be employed infrequently in 
rheumatoid arthritis, and, when used, long-continued 
therapy should be avoided and the dosage reduced to 


the lowest possible level.” [New and Nonofficial Drugs 1961, 
Philadelphia, J. B. Lippincott Co., 1961, p. 598.] 


PLAQUENIL: EFFECTIVE LONG-TERM THERAPY 
THAT SPARES STEROIDS. Many physicians are now 
evaluating Plaquenil, the non-steroid antirheumatic 
: : .,~ Of choice. Quite simply, Plaquenil pro- 
In rheumatoid arthritis vides conservative, safer, long-range 


7 management of rheumatoid 

IS THIS THE KR A arthritis. While the steroids 
often result in dramatic short- 

term improvement, Plaquenil affords 

(Qf STEROID a more practical, lasting solution to 
| the long-term problems of this long- 

term disease, and makes it possible 


DISENCH ANT- to utilize steroids sparingly. 
O This is how: Full steroid dosage 


1 may be necessary only during the “latent” period 
MENT » of Plaquenil’s cumulative action. Since two to 
. four weeks may elapse before Plaquenil-treated pa- 
tients experience subjective improvement, and six to 
twelve weeks before objective benefits are noted, it is 
advisable to maintain adequate steroid dosage when 
indicated—but only when indicated—during this time. 
Thereafter, as Plaquenil exerts greater therapeutic ef- 
fects, steroid dosage may be reduced gradually. Sali- 
cylates too may be withdrawn as the need for adjunc- 
tive analgesia is diminished. 0 The rheumatoid 
arthritic patient is then continued on Plaquenil; gener- 
ally, no additional medication is required. Once im- 
provement has been achieved, it can usually be 
maintained, since Plaquenil is the best tolerated of 
the 4-aminoquinoline compounds used in rheuma- 
toid arthritis. 





MAJOR IMPROVEMENT IN 60 TO 83 PER CENT 
OF PATIENTS. Clinical experience has shown that 
after six to twelve months of continuous administra- 
tion, Plaquenil causes major improvement in 60 to 83 
per cent of patients: subsidence of the active inflam- 
matory process, diminution of joint effusion, slow fall 
in sedimentation rate, gradual rise in hemoglobin, 
relief of pain and tenderness, increased mobility, im- 
provement in muscle strength, increase in finger dex- 
terity, improvement in flexion deformities, diminution 
or disappearance of swellings and rheumatic nodules. 
There is a low incidence of major relapse following 
attainment of maximum improvement. 0 Plaquenil 
sulfate, 200 mg. tablets. Initial dose: 2 or 3 tablets 
daily. Maintenance dose: | or 2 tablets daily. Write for 
booklet containing complete clinical experience, side 
effects, precautions, etc. 0 When the patient also re- 
quires analgesia, Plaquenil with aspirin is available as 
Planolar (Plaquenil 60 mg. with aspirin 300 mg.). 


SUMMARY OF PLAQUENIL ADVANTAGES: 


PLAQUENIL ...is not a steroid 
... provides conservative therapy 
. affords lastin benefits 
».. Spares st 
..is generally well tolerated 


PLAQUENIL ...acts cumulatively 


.. works in conjunction with both 
steroids and aspirin 


PLAQUENIL ... produces major improvement 
n 60 to 83 per cent of patients 
... results in a low incidence of 
major relapse 


“> Plaquenil 


NON-STEROID ANTIRHEUMATIC FOR SAFE, LONG-TERM THERAPY 


(lj) 
LABORATORIES 
New York 18, N. Y. 


Plaquenil (brand of hydroxychloroquine), trademark reg. | S. Pat. Off. Planolar, trademark. 
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clinical experience continues to indicate 
value of the CYTOTOXIC AGENT... 


CYTOXAN 


Cyclophosphamide, Mead Johnson 


for palliative chemotherapy of 


certain types of malignant neoplasms 


“Cyclophosphamide [Cytoxan] has proved a valuable addition to 
chemotherapeutic drugs available for the treatment of malignant 
diseases of the haemopoietic and reticuloendothelial systems.... 
Particularly effective in Hodgkin’s disease, lymphosarcoma, chronic 


lymphocytic leukaemia, and myelomatosis....’"! 


“Objective data suggest that this agent [Cytoxan] has advantages not 


possessed by standard alkylating agents now in clinical use.”’? 


“With the use of cyclophosphamide [Cytoxan] there is a relative lack 
of thrombocytopenia and a diminution in gastrointestinal side- 
effects, so that it may offer therapeutic advantages over other alkyl- 


ating agents.’’ 


Other Advantages in Clinical Practice: Broad-spectrum application. 
High therapeutic index. No vesicant activity—may be given orally 
or parenterally. 

(1) Matthias, J. Q.; Misiewicz, J. J., and Scott, R. B.: Brit. M. J. 2:1837-1840 (Dec. 24) 1960. 
(2) Coggins, P.R.; Ravdin, R.G., and Eisman, S. H.: Cancer 13:1254-1260 (Nov.-Dec.) 1960. 


(3) Papac, R.; Petrakis, N. L.; Amini, F., and Wood, D. A.: J.A.M.A. 172:1387-1391 
(March 26) 1960. 





DOSAGE: For neoplasms relatively susceptible to Cytoxan 
— Patients with lymphomas and other neoplasms believed 
to be relatively susceptible to Cytoxan therapy ere given 
an initial dose of 2-3 mg./Kg./day intravenously. White 
blood counts and platelet determinations should be made 
daily or twice weekly and the dosage adjusted accord- 
ingly. Intravenous infusions should be continued for at 
least 6 days unless otherwise indicated. A leukopenia of 
between 1500 and 5000 cells per cu. mm. (or lower) may 
be expected between the tenth and fourteenth day. In 
the presence of a leukopenia of less than 2000/cu. mm. 
Cytoxan should be discontinued until the white cell count 
returns to 2000 to.5000 (usually within a week). Dosage is 
subsequently adjusted as indicated by the patient's objec- 
tive response and the leukocyte count. If the patient is 
subjectively improved, if the size of the tumor has de- 
creased, or if the white cells are satisfactorily maintained 
between 2000 and 5000/cu. mm, oral dosage may be insti- 
tuted equivalent to intravenous dosage. 

Thrombocytopenia is rarely observed on this regimen. 
If platelet counts of less than 100,000/cu. mm. are ob- 
served, the patient should be watched carefully. If plate- 
lets continue to decrease, Cytoxan should be discontinued. 

The patient who has had previous treatment with al- 

kylating agents, or x-ray, or is debilitated may be more 
susceptible to bone marrow depression, and initial Cytoxan 
doses should be more conservative than the above. Such 
patients should have more frequent hematologic evalua- 
tion. Good medical practice demands access to a reliable 
hematologic laboratory when using Cytoxan. 
For neoplasms relatively resistant to Cytoxan— Patients 
with carcinomas and other malignant neoplasms believed 
to be less susceptible to Cytoxan therapy are given a 
dose of 4 to 8 mg./Kg./day intravenously. Unless there 
are indications to the contrary, this dose is continued for 
6 days, then stopped. Leukopenia usually ensues on the 
tenth to fourteenth day after the first dose of Cytoxan. 
Thrombocyte reduction is not common, and platelets may 
actually increase. The leukocyte count promptly returns 
toward normal levels in most cases, and as it begins to 
increase, sufficient Cytoxan is administered to maintain 
it near 2000 to 5000/cu. mm. This may be accomplished 
by two intravenous injections weekly, or by oral admin- 
istration, or by a combination of both routes. An oral 
dosage of 50 to 200 mg. daily or an intravenous injection 
of 5 mg./Kg. twice weekly will usually suffice. 

The platelet and leukocyte counts should be followed 

carefully, and the prior treatment history of patients 
carefully evaluated as delineated above. 
Leukopenia as a guide to adequacy of dosage—The best 
objective measure for dosage seems to be the number of 
circulating white blood cells. This is used as an index of 
the activity of the hematopoietic system, especially the 
bone marrow. The mechanism by which Cytoxan causes 
a reduction in the level of white blood cells is not known, 
but cessation of dosage results in an increase in the level, 
indicating that the hematopoietic system had not been 
permanently affected. When large doses (8 mg./Kg./day 
for 6 days) are given initially, the white cell count falls 
rapidly. Following the cessation of the 6-day course, the 
white cells may continue to decline for as long as 8 days 
and then increase. The reduction of the white cell count 
during Cytoxan therapy and its subsequent increase when 
therapy is discontinued can be repeated in the same pa- 
tient. Maximal reduction in leukocyte count indicates the 
maximal permissible Cytoxan level for therapeutic effect. 
Leukopenic patients must be watched carefully for evi- 
dence of infection. 

Total white blood cell and thrombocyte counts should 
be obtained 2 or more times weekly in order to evaluate 
therapy and to adjust dosage. 

SIDE EFFECTS: Although Cytoxan is related to nitrogen 
mustard, it has no vesicant effect on tissue. It does not 
traumatize the vein when injected intravenously, nor does 
it cause any localized tissue reaction following extravasa- 
tion. It may be administered intravenously, intramuscu- 
larly, intraperitoneally, intrapleurally or directly into the 


tumor, when indicated. It is apparently active by each of 
these routes. 

Nausea and vomiting are common and depend on dose 
and on individual susceptibility. However, many investi- 
gators accept the nausea and vomiting in favor of main- 
taining maximal therapy. The vomiting can be controlled 
with antiemetic agents. 

Alopecia is a frequent side reaction to Cytoxan therapy. 
It has been observed in 28% of the patients studied in 
this country. The incidence is greater with larger doses. 
The loss of hair may first be noted about the 2Ist day of 
therapy and may proceed to alopecia totalis. This effect 
is reversed following discontinuance of Cytoxan; during 
reduced maintenance therapy, hair may reappear. It is 
essential to advise the patient in advance concerning this 
effect of the drug. 

Dizziness of short duration ’nd of minor degree has 
occasionally been reported. 

Leukopenia is an expected effect and can be used as a 
guide to therapy. Thrombocytopenia may occur, especi- 
ally after large doses. The leukocyte or platelet counts of 
an occasional patient may fall precipitously after even 
small doses of Cytoxan, as with all alkylating agents. The 
drug should be discontinued in such patients and reinsti- 
tuted later at lower dosage after satisfactory hematologic 
recovery has occurred. Prior treatment with x-ray or with 
other chemotherapeutic agents frequently causes an 
earlier or exaggerated leukopenia or thrombocytopenia 
after Cytoxan medication. Only rarely has there been a 
report of erythrocyte or hemoglobin reduction. 
ADMINISTRATION: Add 5 cc. sterile water (Water for 
Injection, U.S.P.) to 100 mg. of Cytoxan in the sterile vial 
(add 10 cc. to 200 mg. vial). Shake, allow to stand until 
clear, remove with sterile syringe and needle and inject. 

The freshly prepared solution of Cytoxan may be ad- 
ministered intravenously, intramuscularly, intraperitone- 
ally, intrapleurally, or directly into the tumor. The 
solution should be administered promptly after being 
made but is satisfactory for use for three hours after 
preparation. 

If the patient is receiving a parenteral infusion, the 
Cytoxan solution may be injected into the rubber tubing 
if the solution is glucose or saline. 

No thrombosis or thrombophlebitis has been reported 
from injections of Cytoxan. Extravasation of the drug 
into the subcutaneous tissues does not result in local 
reactions. 

PRECAUTIONS: Cytoxan should not be given to any 
person with a severe leukopenia, thrombocytopenia, or 
bone marrow infiltrated with malignant cells. It may be 
given with suitable precautions to patients who have had 
recent X-ray treatment, recent treatment with a cytotoxic 
agent, a surgical procedure within 2-3 weeks, or debili- 
tated patients. 

AVAILABILITY: Cytoxan is available as follows: 

Cytoxan for Injection, 100 mg., a sterile dry-filled vial 
containing 100 mg. cyclophosphamide and 45 mg. sodium 
chloride. Packaged, 12 vials per carton. 

Cytoxan for Injection, 200 mg., a sterile dry-filled vial 
containing 200 mg. cyclophosphamide and 90 mg. sodium 
chloride. Packaged, 12 vials per carton. 

Cytoxan Tablets for oral administration, 50 mg., white, 

round tablets, flecked with blue for easy identification. 
Packaged, 100 tablets per bottle. 
For a copy of the Cytoxan brochure, or other additional 
information on Cytoxan, communicate directly with the 
Medical Department, Mead Johnson Laboratories, Evans- 
ville 21, Indiana. 


Mead Johnson 
Laboratories 


Symbol of service in medicine 





ae /)/7 A a ee 


THE MOST ECONOMICAL! . 


| THE Ul s.1.v. 
~ DISPOSABLE 
CAGE 


as low as 18¢ 


YOUR CHOICE OF Proved in America’s 
‘““CLEER-VUE’”’ finest laboratories 
PERMANENT-TYPE Modernize your lab routine this easy way... 


SUPPORTS save money, too! Try these disposable cages that cost 


Made of nickel-plated steel to provide less than it costs to clean, maintain and 
firm, safe support for S. |. U. cages. Will 
last indefinitely. 








store ordinary metal or plastic types. Tough, inert, 











escape-proof plastic construction that you use 
OR just once... then throw away! No fuss, no muss, 
no bother. Always clean, safe, ready to use. Transparent 


DISPOSABLE-TYPE for continuous observation. Used with ventilated 


metal top and unique support systems. 


SUPPORTS 
New Teal :.. can save personnel time and add 


convenience, by nesting a quantity of cages before 














you start your experiments. Just lift off the 
used cage at conclusion of the test and you have a 
fresh, clean cage nested below! A great time-saver. 


Complete S.I.U. cage system consists of: Disposable Plastic cage 
bottom, nickel-plated steel top, cage support (permanent or 
disposable type), aluminum food hopper, water bottle and stopper, 
stainless steel feeding tube. 


@ Write for complete Bulletin and names 
of exclusive distributors. 


A sturdy, practical cardboard support with a perfo- DISPOSABLE LABORATORY CAGES, Inc. 


rated record card on the front... Completely disposable. Division of Labline, Inc. 
3070 W. Grand Avenue, Chicago 22, Illinois 


DEPT. CC 


tDeveloped by the Microbiology and Design Department of a 
Southern Illinois University, Carbondale, Iil. 4b . : 
Make a trial test and prove the economy and efficiency 


Foreign and Domestic Patents Pending to yourself. Order the inexpensive Test Package at only $19.75 . . . enough for 
* When purchased in quantities. 10 complete tests. 





Durrum-type cell: 
Holds eight filter strips on folding 
rack in inverted V position. 


Duostat: 
Provides regulated power for 
single-cell or two-cell operation. 


Analytrol: 
Scans and quantitates 
dyed paper strips. 


Auxiliary equipment set: Provides all the accessories needed for serum protein analysis. 


A complete system for 


PAPER ELECTROPHORESIS 


If analysis by electrophoresis is missing 
from your lineup of services, why not take 
a few minutes to inquire about the Beck- 
man Model R Paper Electrophoresis Sys- 
tem. In laboratories using this important 
diagnostic aid, Model R is the instrumen- 
tation of choice. 

1. It is a complete system: The three 
basic instruments and accessories which 
make up Model R provide all the equip- 
ment needed to do a wide variety of elec- 
trophoretic separations. 

2. It operates simply, dependably: 
Straightforward procedures make it easy 


for technicians to work with the System. 

3. It is versatile: In addition to serum 
proteins, the System can separate hemo- 
globins, serum lipoproteins, serum glyco- 
proteins and other biochemical materials. 

4. Results are reproducible: Equipment 
keeps variables under control, maintains 
uniform conditions from test to test. 

Because the Model R System is the 
standard in the field, results can be com- 
pared with those from other laboratories 
and with published reports in the literature. 
For further information, please fill in and 
return the coupon below. 


Beckman 


Spinco Division 


Beckman Instruments, Inc. 


Spinco Division, Stanford Industrial Park, Palo Alto 16, California 
Please send me further information on the Beckman Model R System and a reprint of 


“The Clinical 


name 





Significance of Paper 


Electrophoresis.” institution 





address 











4ADE* Enza-Trol for enzyme testing... 


everything's under control 


Because of the basic instability of some en- 
zymes and the effect of variables such as 
temperature and pH, the need for a known 
enzyme test control has long been recognized. 
Dade Enza-Trol fulfills the need, provides 
you with a reliable check on substrates, 
reagents, instrument variation and technic. 
Used exactly as serum, Enza-Trol contains 
serum protein with known values of enzymes 
normally found in human serums. Because 
most enzymes are unstable in solution, 


Enza-Trol is supplied in dried form; after 
reconstitution, stability is same as enzymes 
in human serum. In enzyme testing, every- 
thing’s under control with Enza-Trol. 


No. 53463 Dade Enza-Trol, constituted of the following 
enzymes: lipase, amylase, acid phosphatase, lactic 
dehydrogenase, alkaline phosphatase and transami- 
nase plus glucose for amylase blank, phosphorus for 
phosphatase blank, uric 


acid and bilirubin. 5 mi per 


vial when reconstituted with distilled water 


Box of 3 vials $9.00 


Ask your S/P Representative for Enza-Trol literature, or write... 


scientific products 


DIVISION OF AMERICAN HOSPITAL SUPPLY CORPORATION 
GENERAL OFFICES: 1210 LEON PLACE, EVANSTON, ILLINOIS 

Regional Offices: Atlanta - 

Los Angeles - Miami 


Dallas - 
San Francisco - 


Columbus ° 
New York - 


Boston « Chicago - 
* Minneapolis - 


Kansas City 
Washington 


Export Department—Fiushing 58, L. 1., New York. In Canada: Canadian Laboratory Supplies Limited 
In Mexico: Hoffmann-Pinther & Bosworth, S 
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-—  ——- ROBLEM: 
count 6,000 cells per second 


ONLY |“ OLUTION: 


the Coulter 
Counter® ‘ PRE sae 


: France, Germany, Japan, Brazil and throughout the world. 


NON-OPTIC! 


| counts, sizes red or white blood 
cells, tissue cultures, bacteria, protozoa... 1 by 1! 
gaF- Speed: unprecedented. 9@¥~ Accuracy and reliability: unparalleled. 
§ae- Economy: substantial. Jge- Customary “count” 
tedium: eliminated. A few reasons why the Coulter Counter is 


standard in over 1500 hospitals and research centers. 


a 
: 6008 
Learn why the Coulter Counter 


is accepted as a major breakthrough a 


in cell analysis. Write today C 0 U LT E R F L E C T R 0 N | C S 
for complete details. 2525 North Sheffield Avenue, Chicago 14, Illinois 
Call collect: EAstgate 7-8025 





which line is longer? 


A familiar illusion. Actually, of course, the horizontal lines in both figures are 


the same length. And yet, doubt lingers even after measurement is made. 


Take the comparison of two oral penicillins as another example. If only the 
price of the drugs were to be considered, the choice would be clear. But isn’t 


it what a drug does that counts? 


\-Cillin K° achieves two to five times the serum levels of antibacterial ac- 
tivity (ABA) produced by oral penicillin G.! Moreover, it is highly stable in 
gastric acid and, therefore, more completely absorbed even in the presence of food. 
Your patient gets more dependable therapy for his money . . . and it’s therapy 


—not tablets—he really needs. 


For consistently dependable clinical results 


prescribe V-Cillin K in scored tablets of 125 and 250 mg. Sa , 
or V-Cillin K, Pediatric, in 40 and 80-cc.-size packages. ear /somaten jure 


V-Cillin K® (penicillin V potassium, Lilly) 
1. Griffith, R. S.: Antibiotic Med. & Clin. Therapy, 7:129, 1960. 





IMMUNOREACTIONS INVOLVING 


PLATELETS. 


V. POST-TRANSFUSION PUR 


PURA DUE TO A COMPLEMENT-FIXING ANTIBODY AGAINST A GENETI-— 


CALLY CONTROLLED 
MECHANISM 


PLATELET ANTIGEN. 
FOR THROMBOCYTOPENIA AND ITS 


A PROPOSED 


RELEVANCE IN “AUTOIMMUNITY” * 


By N. 


RAPHAEL SHULMAN, RICHARD H. ASTER, ALFRED LEITNER anp 


MERILYN C. HILLER 


(From the National Institute of Arthritis and Metabolic Discases, Bethesda, Md.) 


(Submitted for publication March 8, 1961; accepted April 21, 1961) 


A thrombocytopenic state developing in the ab- 
sence of any apparent underlying disorder and 
accompanied by an abundance of megakaryocytes 
in the bone marrow represents the syndrome 
of idiopathic thrombocytopenic purpura (ITP). 
Similarities between this syndrome and thrombo- 


cytopenic states which can be produced experi- 


mentally with heterologous antibody (1, 2), or 
which occur as a result of the antigen-antibody 
reactions of drug purpura (1, 3, 4), suggest that 
The 


observations that plasma from some ITP patients, 


an immunologic process may underlie ITP. 


when transfused into normal individuals, may de- 
press platelets and that plasma containing the 
“thrombocytopenic factor” may agglutinate plate- 
lets in vitro (2, 5), support the concept that an 
antibody may cause the disease. Because no for- 
eign antigen has been implicated as yet in ITP, 
the disease is generally considered to be an “‘auto- 
immune” disorder. 

The present work concerns differentiation of a 
specific immunologic type of purpura which here- 
tofore was indistinguishable from ITP. The path- 
ogenesis of the disease to be described involves 
mismatch of an inherited platelet antigen during 
blood transfusion and subsequent development of 
a comp.ement-fixing antiplatelet isoantibody that 
is capable of producing severe thrombocytopenia 
in the sensitized individual. 

Circumstances attending development of throm- 
bocytopenia and characteristics of the underlying 
immunoreaction permitted interpretation of the 
mechanism responsible for destruction of autolo- 
gous cells by an antibody formed against a foreign 

* Part of this work was presented at the Annual Meet- 
ing of the American Society for Clinical Investigation, 
May, 1960, and has appeared as an abstract (J. clin. 
Invest. 1960, 39, 1028). 


antigen, and provided a rationale for effective ther- 
apy of the disorder. This distinctive type of 
immune reaction is relevant to the problem of 
ITP and other diseases which have been consid- 
ered “autoimmune” phenomena. Demonstration 
of the genetic control and nature of the platelet 
antigen responsible for post-transfusion purpura 
helps clarify the problems of inherited platelet 
types and platelet antigenicity. 


CASE REPORTS 


The following cases of post-transfusion purpura were 
studied. Patient 1, 
admitted to the surgical service of the National Heart 
Institute, Clinical Center, on May 17, 1959, for correction 
valvular resulting rheumatic 
Her last attack of acute rheumatic fever 
had been at age 17, and symptoms of cardiac failure had 


P.K., a white female, age 40, was 


of cardiac stenosis from 


heart disease. 


been progressively incapacitating for 3 years before ad- 


mission. There other significant diseases or 
symptoms in her medical history; in particular, no hemor- 
She had had 


The only drugs 


were no 


rhagic tendency and no allergic disorder. 
three normal deliveries and pregnancies. 

taken prior to admission were digitalis and chlorothiazide. 
Abnormalities on physical examination were limited to 
signs of valvular heart disease. The week prior to opera- 
tion she received sulfisoxazole and tetracycline for bron- 
chitis following transbronchial cardiac catheterization. 
On June 2, 1959, transventricular mitral commissurotomy 
was performed, during which she received two 500 ml 
units of whole blood and 220 ml of a third unit which 
was discontinued because small clots had plugged the 
tubing filter. The 
positive, the patient's type being A,B, Rh positive. 


donors were blood A,B, Rh 
The 


operation and first 6 days of the postoperative course were 


three 


uneventful, except for development of tracheitis which 
was treated with erythromycin and streptomycin. Early 
in the morning on the seventh postoperative day (June 
9), the patient noticed several small hemorrhagic vesicles 
on her tongue and later that day developed generalized 
florid purpura on the trunk and extremities, including 
numerous 4 to 5 mm hemorrhagic bullae on the skin and 


mucous membranes. The same day she also had a tarry 
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stool, hematuria and vaginal bleeding, and developed large 
Other 
than the hemorrhagic manifestations, there were no ab- 
Her platelet count on June 


ecchymoses at the site of the thoracotomy incision. 


normal symptoms or signs. 
9 was 600 per mm* and her bleeding time was longer 
than 20 minutes; her hemoglobin was 13.4 g per 100 ml, 
having been 14.7 on June 4, and her white cell count and 
differential were normal. A unit of fresh whole blood 
was started the evening of June 9 but had to be stopped 
after 250 ml had been infused over a 1-hour period, be- 
cause the patient developed severe shaking chills and 
No red cell incompatibility 


Later 


slight temperature elevation. 
was found, and the symptoms promptly subsided. 
that evening 250 ml of fresh platelet-rich plasma was 
transfused uneventfully over a 3-hour period. 

Because the onset of purpura had been acute and the 
platelet count remarkably low, drug purpura or unusually 
severe ITP was the suspected diagnosis. Although the 
drugs being administered (digoxin, erythromycin and 
streptomycin) are not recognized causes of drug purpura, 
complement fixation and platelet agglutination tests were 
The 


patient’s serum was found to contain a factor in high 


performed on June 10 to evaluate that possibility. 


titer which fixed complement with platelets from 12 nor- 
mal individuals and produced marked platelet agglutina- 
tion whether or not these drugs were added. Neverthe- 
less, medications which had been given postoperatively 
were discontinued, and prednisone, 50 mg per day, was 
On June 10 the hemoglobin was 10.7 g per 100 
Her bone 


started. 
ml and the platelet count was 300 per mm*. 
marrow was normal with respect to the myeloid and 
erythroid series and contained a normal number of mega- 
karyocytes which were almost all in the large mononu- 
clear or megakaryoblastic form. The patient received 
1,000 ml of fresh whole blood on June 10, given at a 
rate of 2 to 3 ml per minute, without reaction; but plate- 
lets remained at 700 per mm* or below. Prednisone was 
increased to 100 mg per day. 

Because the patient had life-threatening hemorrhage, 
and the association of a potent antiplatelet factor with 
thrombocytopenia hardly seemed fortuitous, an exchange 
transfusion was carried out on the fourth day of purpura 
in an attempt to decrease the titer of the antiplatelet fac- 
tor. Over a 16-hour period, a total of 5,500 ml of blood 
was withdrawn and 6,500 ml of fresh ACD blood replaced 
in 250- to 500-ml aliquots, alternating withdrawal and 
During the first half of the 
infusion rate could not be increased above 2 to 3 ml per 


infusion. exchange, the 
minute without producing marked hypotension, and dur- 
ing the course of the exchange the patient frequently 
developed urticaria which appeared to respond to intra- 
muscular diphenhydramine. By the end of the exchange, 
the patient’s platelet count was 4,900 per mm’, but the 
bleeding time had decreased to 6 minutes. There were no 
further hemorrhagic manifestations, and thereafter the 
platelet count returned to normal with unusual rapidity, 
the existing purpura cleared, and the patient remained 
well without further treatment. The text and Figure 3 
contain further details of the effects of exchange trans- 


LEITNER 


\ND HILLER 


Prednisone was tapered beginning June 13 and 
On June 19 megakaryocytes in 


fusion. 
discontinued on June 19. 
the bone marrow were normal in number and morphology. 
Serum protein was 6.5 g per 100 ml with 18 per cent 
y-globulin on June 10 and did not change significantly 
after the exchange transfusion. 

Patient 2, 


mitted to the Faulkner Hospital, Jamaica Plain, Mass., 


G.H., a 43 year old white female, was ad- 


on September 20, 1959, with a 2-year history of peptic 
ulcer symptoms. There were no other illnesses, allergic 


disorders, or symptoms of significance in her medical 


history, and she had not received blood transfusions. 
She had had three normal deliveries and pregnancies. 
Because her response to medical therapy for peptic ulcer 
was unsatisfactory, a subtotal gastrectomy was performed 
on October 13, 1959, at which time she received one 500 
ml unit of whole blood and 75 ml from a second unit 
The 
Rh_ positive. 


which was stopped because of clots in the bottle. 
patient’s and donors’ blood type was A,, 
The postoperative course was uneventful until the sixth 
day, when she developed florid purpura over the entire 
body and hematuria. The platelet count at this time was 
28,000 per mm*, there was poor clot retraction, and the 
bleeding time was greater than 20 minutes. The bone 
marrow contained a normal number of megakaryocytes. 
\ diagnosis of ITP was made and steroid therapy was 
begun. The next day, October 20, the platelet count was 
6,000 per mm’, the hematocrit was 19 per cent, and the 
white cell count was slightly elevated with a normal dif- 
ferential. Several attempts were made to transfuse fresh 
whole blood, but each of three units was discontinued 
after approximately 50 ml was received because of a 
reaction consisting of chills, fever, urticaria and hypo- 
tension. On both October 21 and 22 she was given the 
red cell content of two units of blood without reaction, 
the red cells having been washed to remove other cellular 
elements. Purpura, intermittent hematuria and hematoma 
formation persisted for 17 days despite high doses of 
prednisone. Symptoms subsided as the drug was being 


tapered. The clinical course is shown in Figure 1 and 
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Fic. 1. CLINICAL CouRSE, PATIENT 2. Units of antibody 


are defined in the text. 





POST-TRANSFUSION 


the results of tests performed with this patient’s serum 
are presented in the text. 


METHODS 


Methods of preparing platelet suspensions, counting 
platelets (6) and measuring platelet agglutination, inhibi- 
tion of clot retraction, and complement fixation (7) were 
the same as those that have been used in studying the 
antibody of quinidine purpura (8, 9), with the following 
exceptions. 

The nitrogen content of platelet suspensions was deter- 
mined by nesslerization. One ml of platelets at a concen- 
tration of 2 <X 10° per mm* was found to contain 800 + 50 
ug N per ml; with this criterion for determining platelet 
concentration, the error was + 5 per cent. 

The 50 per cent hemolytic unit of complement activity 
(hereafter denoted by C’), measured by means of a single 
hemolysin preparation and erythrocytes from one sheep 
throughout this work, was equivalent to 2.5 + 0.2 x 10° 
ml of reconstituted lyophilized pooled guinea pig serum. 
With the same reagents, the C’ content of sera from 15 
normal human beings averaged 65 U per ml, with a 
variation of +10. The condition of incubation found to 
be optimal for maximal C’ fixation in the shortest time 
with the antigen-antibody system under study was 1 hour 
at 37 The rate 
of C’ fixation by this system was approximately halved 


C with frequent agitation of the tubes. 


when the incubation temperature was decreased to 27° C. 
The patient’s antibody- 
containing serum and antihuman globulin serum (Coombs 


Fluorescent antibody methods. 


serum) were conjugated with fluorescein isothiocyanate 
by the method of Riggs and co-workers (10) as modified 
by Marshall, Eveland and Smith (11) and adsorbed be- 
fore use with guinea pig spleen-liver-kidney powder to 
decrease nonspecific fluorescence. Approximately 35 per 
cent of the antibody activity in the patient’s serum was lost 
The fluorescein-conjugated Coombs 
Other de- 
tails of the techniques, such as application of antibody to 


after this treatment. 
serum used had a titer of 1/64 (see below). 


platelet smears, washing procedures after exposure of 
smears to antibody, methods of mounting the final prepa- 
rations, and the optical systems used for microscopy were 
the same as those reported recently by Silber and co- 
workers (12), with the exceptions stated in the text. 
Preparation of heterologous platelet antisera. <Anti- 
human platelet serum was made in rabbits by injecting 
suspensions of 3X 10° washed platelets intravenously on 
Days 1, 3, 
18 and 25. 


ent in all rabbits on Day 25, and serum harvested on this 


6 and 18 and was harvested on Days 11, 15, 
The highest antibody concentration was pres- 


day was used. 

Antihuman platelet serum was made in Sprague-Dawley 
rats by injecting suspensions of 6.3 x 10° platelets intra- 
venously on Days 1, 3, 6, 14 and 18, and was harvested 
on Days 12 and 24. 


tained only slightly more antibody than serum harvested 


Serum harvested on Day 24 con- 


on Day 12. 
serum was 


Antihuman platelet made in NIH-strain 


PURPURA 1599 
guinea pigs by injecting suspensions of 6 X 10° platelets 
intravenously on Days 1, 3, 6 and 9, and was harvested 
on Day 13. 
rabbit platelets by injecting 10° platelets on Days 1, 3, 6, 
9 and 16, and harvesting on Day 22. 

Although a small amount of erythrocyte material may 
have contaminated platelets used for immunization, it was 
insufficient to produce C’-fixing anti-erythrocyte anti- 
bodies which could be detected with the maximal amount 
of erythrocytes contaminating platelet suspensions used 
Antiplatelet serum therefore did not have 


Guinea pigs were also immunized against 


experimentally. 
to be adsorbed with erythrocytes before use. There were 
also no detectable antileukocyte antibodies formed that 
would react with the maximal amount of leukocytes con- 
taminating platelet suspensions used in complement fixa- 
tion tests. 

Antihuman globulin (Coombs serum) consumption tech- 
nique. A commercial preparation of rabbit antihuman 
serum purchased from Ortho Pharmaceutical Corp., Rari- 
tan, N. 
and rabbit antihuman globulin were used with identical 


J., and preparations of horse antihuman globulin 


results. In titering Coombs serum, the agglutination 
mixture consisted of 0.1 ml of a 1 per cent suspension 
of group O, Rh positive human erythrocytes sensitized 
with anti-D serum, plus 0.1 ml of various dilutions of 
Coombs serum. The titer was the limiting dilution which 
gave 1+ agglutination (minimal but definite macroscopic 
clumping) after incubation for 30 minutes at 37° C and 
centrifugation at 250 G for 3 minutes. 

Coombs (13), 


In measuring consumption of serum 


platelets were first exposed to patients’ sera containing 


antibody, or to normal control sera, then washed 5 times 


in large volumes of 0.147 M NaCl. Washing removed at 
most 10 per cent of antibody attached to platelets (see 
Section 7 in Results). After the last wash, platelets were 
resuspended at a concentration of 10° per mm* in saline 
and 0.1 ml of suspension (10° platelets) was mixed with 
5 different progressive twofold dilutions of Coombs serum, 
the highest final dilution of Coombs serum being one-half 
the limiting dilution that gave 1+ agglutination with ery- 
throcytes in the preliminary titration. 
cubated for 10 minutes at 37° C; platelets were then 


Mixtures were in- 
removed by centrifugation, and 0.1 ml of supernatant 
fluid containing residual Coombs serum was mixed with 
The 


amount of Coombs serum consumed by platelets was evi- 


0.1 ml of sensitized erythrocytes as described above. 


dent from the limiting dilutions which still produced ery- 
throcyte agglutination (see Table III). 

Coombs consumption tests done in an attempt to ob 
tain evidence for a possible “blocking” antibody on plate 
lets that were not preincubated with known antibody are 
referred to in the text as “direct” Coombs consumption 
tests. Controls for these tests were simply suspensions 
of platelets from normal individuals treated in the same 
manner as patients’ platelets. 

Trypsin treatment of platelets and platelet fractions. 
Washed platelets, prepared as described above, were sus- 
pended in 0.145 M NaCl containing 0.04 M_ phosphate 
buffer, pH 7.5, to which crystalline trypsin was added to 
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give a final concentration of 0.5 mg per ml. After incu- 
bation, platelets were washed three times in 0.147 M 
NaCl. 
minutes at 37° C 
treated platelets and could not be recovered quantitatively 
if the usual 
Platelet fractions which were treated with trypsin (Sec- 


Platelets incubated in this way for as little as 10 
did not sediment as readily as un- 
centrifugal force was used for washing. 
tion 6) were not washed; instead, the trypsin was neu- 
tralized with an equimolar amount of soybean trypsin 
inhibitor. The trypsin-inhibitor complex, at the concen- 
trations used experimentally, was found to be inert in 
C’-fixing mixtures. Trypsin and soybean trypsin inhibi- 
tor were purchased from Worthington Biochemical Corp., 
and the specific activity of each preparation was assayed 
before use. 

Measurement of sugars. Assays for total hexose by 
the indole and cysteine-H,SO, reactions (14), for deoxy 
sugars by the thiobarbituric acid reaction (15), for glu- 
curonic acid by the orcinol reaction (14), and for uronic 
acid by the carbazole reaction (14) were done on plate- 
lets and platelet fractions with techniques which detected 
with certainty 0.1 w~mole of each substance assayed. 


EXPERIMENTAL RESULTS 


1. C" fixation reactions of the serum factor in 
Patient 1 and definition of an antibody unit. 
Serum from Patient 1, obtained during the period 
of purpura, when mixed with suspensions of plate- 
lets from normal individuals, fixed C’ in the man- 
No C’ 


the same serum was mixed with suspensions of 


ner shown in Figure 2. was fixed when 
human erythrocytes or leukocytes. 

There was no loss of activity when serum con- 
taining the factor responsible for C’ fixation was 
dialyzed for 72 hours at 5° C against 10° vol of 
0.147 M sodium chloride. 


ered in serum precipitates produced at one-third 


The factor was recov- 


saturation with ammonium sulfate, solutions of 
which gave a visible band only in the y-globulin 
region on paper electrophoresis. When serum was 
subjected to 76,000 G for 10 hours, by a sucrose 
density gradient, C’-fixing material had sedimen- 
tation characteristics of a 7S y-globulin (16). 
The factor also had stability characteristics of 
y-globulin in that it did not lose activity when 
whole or diluted serum was kept for at least 60 
minutes at 56° C, 2 weeks at 5°, or for 18 months 
at — 20 


ingly rapid rate when serum was incubated at 


but did lose activity at an increas- 
temperatures above 65° or when the pH of the 
serum was adjusted to values above 11.2 or below 


3.0 at 20 In view of these various character- 
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Fic. 2. COMPLEMENT FIXATION WITH VARIOUS ANTI- 


CONCENTRATIONS AND 
Fixation of C’ was carried out in a 0.3 ml volume, 
the mixture consisting of serum from Patient 1 obtained 


BODY FIXED PLATELET CONCENTRA- 


rion. 


on June 12 before transfusion, a saline suspension of 
platelets to give a final concentration of 200,000/mm’, 
guinea pig serum (either 0.02 or 0.04 ml, containing 8 
cr 16 U of C’, respectively), and 0.147 M NaCl to main- 
tain a fixed volume. Concentration of serum is expressed 
as ml of patient’s serum per 0.3 ml reaction mixture. 
Each symbo. represents results obtained on a different 
day with « platelet suspension made from a different 


individual points are the average of two 
The amount of C’ fixed when antibody 
C, be- 


fixed 


donor, and 
determinations. 
and platelets were preincubated for 1 hour at 37 
fore C’ was added, was the same as the amount 
when all three reagents were mixed together initially. 


istics, the C’-fixing serum factor will hereafter be 
referred to as an antibody. 

Standard curves relating the amount of C’ fixed 
to the concentration of antibody used (Figure 2) 
showed little variation in different experiments. 
There was no greater variation with platelets from 
different donors than with different platelet prepa- 
rations from a single donor. In comparing anti- 
body content of different sera, several dilutions of 
each sample were used, as in Figure 2, to fix 
amounts of C’ in the range of 2 to 12 U with plate- 
lets at 200,000 per mm‘* final concentration in the 
reaction mixture. Although the curves obtained 
were not strictly linear, relative antibody content 
of different sera could be determined by comparing 
amounts of each required to fix an equivalent 
amount of C’, there being a simple inverse rela- 
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tionship between antibody content and the amount 
of serum necessary to fix a given amount of C’. 
Relative antibody concentration in different sera 
could be determined in this way with an error of 
approximately + 10 per cent. Serum from Pa- 
tient 1, obtained before the exchange transfusion, 
was considered the reference standard and arbi- 
trarily assigned the value of 100 U per ml. In 
the linear portion of the standard curve (Figure 
2), 1 U of antibody fixed 4 U of C’. 

The concentration of platelets used in Figure 2 
is in excess of the amount necessary to produce 
maximal C’ fixation by the highest concentration 
of antibody used. In titering antibody it was 
necessary to use an excess of platelets in order to 
obtain uniform results with platelets from random 
donors; for as will be seen in Figure 8, platelets 
from different donors in suboptimal concentrations 
did not give uniform results. 

2. Effect of exchange transfusion in Patient 1. 
Figure 3 shows the effects of the exchange trans- 
fusion (see case report) on the level of circulating 
antibody, platelets, and serum C’. The “exchange” 
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Fic. 3. IN Pa- 
TIENT 1. Immediately preceding the exchange, the pa- 
tient’s red cell volume was found to be 1,700 ml, by a 
Cr-labeled red cell technique. The 
was 35 per cent and the hematocrit at the end of the 


EFFECTS OF EXCHANGE TRANSFUSION 


initial hematocrit 


exchange was 41 per cent. Antibody was assayed as de- 
scribed in the legend of Figure 2. Initial values for anti- 
body and C’ were those present in the June 12 pretrans- 
fusion sample, i.e., 100 U of antibody per ml and 55 U 
of C’ per ml. On June 14, 250 ml of fresh whole blood 
was given between the two antibody determinations. On 
June 12 the abscissa is enlarged and divided into 2-hour 
intervals; the scale is interrupted between June 15 and 
23, and between June 23 and 30, 
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curve represents the dilution produced as calcu- 
lated from the initial blood volume (4,900 ml) and 
the amount of blood removed (5,500 ml) and re- 
placed (6,500 ml), a 


The increments of 


fixed blood volume being 
assumed. dilution for each 
500 ml exchanged are plotted, the total exchange 
being approximately 70 per cent effective. 
Antibody level fell more rapidly than could be 
accounted for by simple dilution alone, for only 
3 per cent of the initial concentration of antibody 
remained at the end of the exchange. Although 
replaced blood was drawn in plastic bags and 
stored at 5° C no longer than 12 to 24 hours, the 
platelet content of the transfused blood produced 
only a slight rise in the patient’s platelet count 
from 500 per mm* at the beginning to 4,900 per 
The C’ 


of the patient’s serum fell during the exchange in 


mm* at the end of the exchange. content 
spite of the large amount of C’ 
blood. 


taken together suggested that antibody, combined 


replaced in the 
transfused These various observations 
with transfused platelets, fixed C’ m vivo and was 
sequestered with destroyed plateiets. 

Immediately after the exchange transfusion, the 
patient’s platelet level rose at a rate of approxi- 
mately 60,000 per mm* per day to reach 140,000 
per mm* on June 15 and 350,000 per mm* on 
June 19, after which it remained at a normal level. 
Note that the platelet rise occurred despite re- 
appearance of significant amounts of antibody in 
the patient’s plasma, for although antibody level 
was 3 U per ml at the end of the exchange, it was 
20 U per ml 13 hours later. 

3. Platelet agglutination and inhibition of clot 
retraction by the antibody from Patient 1. In 
Table I the titer of the patient’s C’-fixing anti- 
body in different serum samples is compared with 
the titer of the platelet agglutinin and the inhibitor 
Since C’ 
fixation, agglutination, and clot retraction inhibi- 


of clot retraction in the same samples. 


tion activities varied quantitatively in the same 
way in different serum samples, it appeared that 
the several reactions were produced by a single 
antibody. In support of this were the findings 
that amounts of normal platelets which partially 
or completely adsorbed the C’-fixing activity out 


of the patient’s serum (see Figure 7) also ad 


sorbed the agglutinin and clot retraction inhibitor 


to an equal degree, and that the three activities 
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rABLE I 


Comparison of C' * fixation, agglutination and 
inhibition of clot retraction reactions T 


Inhibition of clot 
Agglutination retraction 
C’-fixing 
antibody 


C’-fixing Dilution 
antibody titer 


C’-fixing Dilution 
antibody titer 


AAnn is “WO 


NNN 


1.6 


=the 50% hemolytic unit of complement activity 
f antibody by C’ fixation was measured as described in text 
Titer of agglutinin expressed as the highest final dilution of patient's 
serum which produced 2+ agglutination (9) in reaction mixtures 
liter of inhibitor of clot retraction expressed as the highest final dilution 
of patient’s serum which produced less than 15 per cent free fluid in 
ixtures with norma! whole blood, dilutions being based on the plasma 
volume rather than the total volume of whole blood used. With this 
intibody, inhibition of clot retraction occurred uniformly at 37° C, but 
inconstantly at room temperature. The various dilutions correspond 
to final concentrations of C’-fixing antibody in units/ml as listed. 
Dilutions in parentheses did not produce agglutination or inhibition of 
lot retraction. Sample 6-12, 1 was obtained before transfusion; 6-12, 
10 after 3,400 ml blood transfused; 6-12, 13 after 4,500 ml blood trans 
fused, and 6-13, 3 a.m. at the end of the exchange after 6,500 ml blood 
transfused 


were recovered quantitatively in the same am- 


monium sulfate fraction of serum and had the 
same stability characteristics (see Section 1). 
Platelet agglutination and inhibition of clot re- 
traction were about equally sensitive techniques 
In performing platelet 


for detecting antibody. 


agglutination tests, a small volume of concen- 
trated platelets could be added to antibody-con- 
taining serum without significantly diluting the 
serum, so that 0.1 ml of serum containing 0.5 U 
of antibody (i.e., 5 U per ml) would produce ag- 


(Table I). 


concentration of 4 U of antibody per ml (Table I) 


glutination Since a minimal final 
was required for inhibition of clot retraction and 
performance of the test necessitated diluting serum 
at least one-half (0.5 part antibody-containing 
serum to 1 part whole blood), a serum sample had 
to contain at least 8 U per ml to inhibit clot re- 
Although platelet 


slightly more sensitive than inhibition of clot re- 


traction. agglutination was 
traction, the simplicity of the latter test and the 
certainty of the result made it the preferable test 
for screening a large number of individuals for 
the ability of their platelets to react with the anti 
body (see Section 5). 

C’ fixation was the most sensitive and accurate 
procedure for detecting and measuring this anti- 
body, for antibody at a concentration as low as 


1.0 U per ml could be measured with an error of 
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+ 30 per cent. In measuring antibody in serum 
containing less than 5 U per ml, greater sensitivity 
was obtained by using platelets at 20,000 to 50,000 
per mm* final concentration, rather than at 200,000 
per mm‘*, because relatively high concentrations of 
platelets produced decreases in C’ fixation (see 
Figure 8). 

#. Reactions of the antibody from Patient 2. 
The initial serum sample obtained from the second 
patient 5 days after onset of purpura (Day 11, 
Figure 1) contained 11.2 U of antibody per ml, 
as assayed by the C’ fixation technique described 
above. This serum did not inhibit clot retraction 
and produced only equivocal platelet agglutination 
when used at one-third final concentration in re- 
action mixtures. These findings were in keeping 
with the relative sensitivity of C’ fixation com- 
pared with other reactions of the antibody of 
Patient 1. Only C’-fixation tests could be used 
for further evaluation of the second patient’s anti- 
body. Serum obtained 10 days after onset of 
purpura contained 4.2 U of antibody per ml, and 
antibody could not be measured in the serum ob- 
tained just before purpura cleared. It is significant 
that, although the first patient recovered after ex- 
change transfusion in the face of a subsequent rise 
in serum antibody to 20 U per ml, the second 
patient had continued severe purpura when serum 
antibody concentration was 4.2 U per ml and less. 

5. Identification of a specific inherited antigen 
Clotted 
whole blood obtained from the first patient 1 day 


involved in the platelet-antibody reaction. 


after the exchange transfusion showed partial clot 
retraction, the platelet count being 90,000 per 
mm*; blood obtained 2 days after the exchange, 
when the platelet count was 140,000 per mm’, 
showed normal clot retraction. This finding was 
unexpected, for the concentration of antibody in 
the patient’s plasma at the time was 15 U per ml, 
or three times the concentration necessary to com- 


pletely inhibit clot retraction of normal blood. 


The discrepancy proved to be due to complete 
refractoriness of the patient’s platelets to her own 
antibody, a circumstance that has been reported 
in two other cases (17, 18). 

Platelet suspensions made from Patient P.K. on 
June 15 (Figure 3) and thereafter did not fix C’ 
or agglutinate with any amount of the antibody 
present in her serum before or after the exchange 


transfusion. In addition, platelets from this pa- 
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REACTIVE AND NONREACTIVE 


Fig. 4. 


TRAITS. 


INHERITANCE OF 
Circles are females, squares males. Open sym- 
bols represent individuals whose platelets did not react 
with the antibody in C’ fixation, agglutination and inhi- 
Solid symbols represent 


bition of clot retraction tests. 


those whose platelets reacted in all of these tests. 


tient did not fix C’ with the antibody from Patient 
2. Just as in the first case, platelets obtained from 
the second patient on Day 32 (Figure 1), shortly 
after recovery, did not fix complement with the 
antibody which was in the initial sample of her 
own serum and did not react with the antibody 
from Patient 1 in C’ fixation, platelet agglutina- 
When 


platelets were obtained from the patients’ rela- 


tion, and inhibition of clot retraction tests. 


tives, it was apparent that failure of the patients’ 
platelets to react was not owing to an interfering 
substance in the patients’ recovery sera or on their 
platelets,’ but to lack of an inherited antigen 
against which the antibody had developed. 
Figure 4 demonstrates the manner in which re- 
active platelets (solid symbols) and nonreactive 
platelets (open symbols) are inherited. The anti- 
gen appears to be a dominant mendelian character ; 
but as will be seen, the reactive trait does not fit 
the strict definition of dominance which demands 
that the character be as fully expressed when the 
gene is in the heterozygous state as it is when the 


1 Because platelets from all normal individuals tested 
up to this point had reacted with the antibody from both 
patients, numerous attempts were made to detect a pos- 
The 


general techniques used were the direct Coombs test, 


sible “blocking” antibody on the patients’ platelets. 


“direct” Coombs consumption, and various elution proce- 
dures, as well as incubation of antibody or normal plate- 
lets with patients’ recovery sera before completing usual 
None of 
the techniques gave presumptive evidence for a blocking 


C’ fixation or aggiutination reaction mixtures. 


antibody on platelets or a factor in serum which would 
inhibit the activity of the original antibody; but with all 
of these techniques, it is impossible to draw definite con- 
clusions from negative results. 
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gene is in the homozygous state. The reactive 


trait—t.e., the gene responsible for the antigen that 


labeled PJ"), 


and the nonreactive trait, P/; reasons for this nota- 


reacted with the antibody—will be 
tion will be discussed. 

Of the 206 randomly selected normal individuals 
subsequently tested, 3, or 1.5 per cent, had non- 
reactive platelets. Moreover, it was found that 
reactive platelets could be separated into two 
groups based on differences in the amount of C’ 
fixed per platelet (Figure 5). 

The over-all variation in C’ fixation observed 
when suboptimal concentrations of platelets from 
different normal donors were used was much more 
than could be accounted for on the basis of errors 
fixation (cf. 


in measuring C’ Figure 2) or in 


counting platelets. Platelet activities fell into two 
groups without overlap, even though there was 


considerable spread of values in each group. The 
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Fig. 5. QUANTITATIVE ACTIVITY OF PLATELETS FROM 


RANDOM DONORS. Platelets were prepared in the usual way 
and counted with 3 pipets and 6 chambers. The two final 
platelet concentrations used were 25,000/mm* and 50,000/ 
mm’* in reaction mixtures containing 4 U of antibody. 
This amount of antibody fixed 15 to 17 U of C’ in the 


presence of an excess (200,000/mm*) of any donor's 
platelets (see Figure 2). The brackets delimit 2 standard 
deviations from the mean for each group. The graph is 
a composite of results obtained with different donors on 


different days. 
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itragroup spread could be decreased by preparing 
suspensions of platelets from different donors 
simultaneously, by performing C’ fixation tests 
with all platelets on the same day, and by using 
nitrogen content of platelet suspensions rather 
than counts as the criterion of platelet concen 
tration. With these refinements, the values for 
standard deviations shown in Figure 5 were ap- 
proximately halved, but the mean values for the 
two groups remained essentially the same. Thus, 
of 23 randomly selected individuals tested, 74 per 
cent had platelets which fixed 1.7 to 2.4 times more 
complement than did platelets from the remaining 
26 per cent. 

If inheritance of the antigen were controlled by 
a pair of alleles, all children of a parent who had 
nonreactive (Pl Pl) platelets would have at least 
one P/ gene; and if the children’s platelets were 
reactive, their genotype would have to be P/*! P1. 


Quantitative C’-fixing activity of platelets from 
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Fic. 6. Qt FROM 
Individuals whose platelets, at a final 
fixed less than 5.8 U of C’ 


in the presence of excess antibody are represented by 


A NTITATIVE ACTIVITY OF PLATELETS 


FAMILY GROUPS 


concentration of 50,000/mm*, 


hatched symbols and those whose platelets fixed greater 
than 9.2 U of C’ 


sented by solid symbols (see Figure 5). 


under the same conditions are repre- 
No values for 
C’ fixation were obtained in the range of 5.8 to 9.2 U. 
Open symbols represent individuals whose platelets did 
not react. Family 6 was the family of the individual (D) 


who donated blood to Patient 2. 


LEITNER 


AND HILLER 


UNITS OF ANTIBODY ADSORBED 


2.0 
PLATELETS xi0o~® 


Fic. 7. ApbsoRPTION OF ANTIBODY BY HIGH-ACTIVITY 


AND LOW-ACTIVITY PLATELETS. Buttons prepared from 


suspensions of high-activity and low-activity platelets were 
resuspended in 0.25 ml serum containing 25 U of anti- 
The mixtures were incubated for 90 minutes at 


centrifuged at 15,000 G for 15 minutes, and anti- 


body. 
aoe 
body remaining in the supernatant serum was titered as 


Figure 2, 


2 


described in using the average results of 3 


different dilutions. Individual points for each amount of 
platelets used were obtained with platelets from a differ- 
The C’-fixing activity of the platelets (@ 

low-activity ) was determined as described 


ent donor. 
high-activity, 
in Figure 5. 


five family groups containing a nonreactive parent 
and reactive children is shown in Figure 6. In 
all 11 


there was 100 per cent correlation between low- 


instances (children in Families 1 to 5) 
activity platelets and the postulated heterozygous 
state. Three mates of individuals with nonreac- 
tive platelets had high-activity, presumably PIA! 
PIA1, platelets ; 
3, and 4+) were apparent heterozygotes. 


all seven children (in Families 1, 
In Family 
2, the mate of a nonreactor had low-activity, pre- 
sumably Pl“! PI, platelets, and two of the three 
children tested were nonreactors, the third being 
an apparent heterozygote. Because, in all families 
tested, there was strict correlation between platelet 
activity and the postulated mode of inheritance, 
random donors whose platelets gave low activity 
were most likely P/4' Pl individuals, and those 
whose platelets gave a high activity were most 
likely Pi4 Pi), 


eight children had high-activity platelets; this 


In Family 6, the mother and 


would be the circumstance if both parents were 
genotype Pi‘! Pi‘. 

The amounts of antibody adsorbed by the dif- 
ferent types of platelets are compared in Figure 7. 
Nonreactive platelets at any concentration did not 


adsorb antibody. High-activity, presumably PIA! 
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ANTIBODY PLATELET 
CONC TYPE 
a PLA PLA 
o PLA pL 
® PLA! PLA! 
O PLA PL 
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Fic. 8. EFFECTS OF VARYING THE CONCENTRATION OF 


THE TWO TYPES OF PLATELETS WITH ANTIBODY CONCENTRA- 
TION FIXED. Amount of C’ fixed was determined as in Fig 


ure 2. Reaction mixtures contained either 0.015 or 0.0075 


ml of patient’s serum in a final volume of 0.3 ml. The vari- 
ous final concentrations of P14! PIA! or PIA! PI platelets 


used with each amount of serum are indicated on the 


abscissa. 


PIA!, platelets adsorbed approximately twice as 
much antibody per platelet as did low-activity, 
presumably Pl‘! PI, platelets. In partially ad- 
sorbed serum samples, decreases in titer of agglu- 
tinin and inhibitor of clot retraction corresponded 
to decreases in titer of C’-fixing antibody. 

3ecause of the variation in platelet activity, it 
was not possible to establish an alternate antibody 
unit by determining the minimal concentration of 
platelets required for maximal C’ fixation, as has 
been done in the case of the quinidine purpura 
antibody (8). ‘Titrations of this type (Figure 8) 
with platelets of different activity gave approxi- 
mately a twofold difference in the platelet concen- 
trations necessary to produce maximal C’ fixation 
with a single concentration of antibody. However, 
in the presence of an excess of either type of plate- 
let, a single concentration of antibody fixed the 
same amount of C’. Either type of reactive plate- 
let could be used with uniform results when anti- 
body was assayed as in Figure 2. 

From the data shown in Figures 5, 6, 7 and 8, 
it was evident that three platelet phenotypes could 
be differentiated which corresponded most likely 
to the genotypes P/4! P/4!, Pi4) Pl and Pl Pl. 

Differences evident in the C’-fixation reaction 
were not detectable by agglutination or inhibition 
of clot retraction techniques, for within the limits 
of error, both types of reactive platelets were ag- 
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glutinated and their clot retraction activity inhib 


ited to an equal degree by the same final effective 


concentrations of antibody. There were no micro- 
scopic morphologic differences between platelets 
that could be identified as phenotypes PIA! Pl*', 
P14? Pl, or Pl Pl, no differences in the mean vol- 
ume determined by a microhematocrit method, 
and no differences in the nitrogen or total hexose 
content (see Section 6) per platelet. Sera of all 
normal individuals with Pl PI platelets showed no 
evidence of a naturally occurring antibody against 
P14? antigen by agglutination and C’ fixation tests ; 
similarly, sera of individuals with PIA? Pl4! plate 
lets had no detectable antibody against P1 P1 plate- 
lets. 
ent platelet types and the presence or absence of 


A.) Ae: Oa MN? S. 


There was no correlation between the differ- 


erythrocyte antigens, A,, 
P, C, D, FE, c, e, DY, K and Fy*, based on typing 
erythrocytes from a total of 52 individuals (22 
with PIA? Pl and 12 with Pl PI platelets). All 
individuals tested had erythrocyte antigens s and k 
and lacked antigens CY and Di*. The secretor 
trait was found to be either present or absent in 
individuals with Pl4? Pl4!, Pl“! PI, or PI P1 plate- 
lets. 

6. The nature of the Pl*' antigen. The Pl“ 
antigen on platelets suspended in 0.147 M NaCl 
retained full ability to fix C’ with antibody after 
at least a month in the frozen state at — 20° C, 
after repeated freezing and thawing, and after in 
cubation for at least 5 hours at 37° C, but lost 3 to 
4 per cent of remaining activity per day at 5° C. 
Neither exposure to hypotonic and hypertonic so- 
distilled water to 2.56 M NaCl) for 


several hours at 20° C, nor prolonged 


lutions (i.e., 
at least 
incubation at pH values from 4.8 to 9.4 affected 
the C’-fixing activity of the antigen. 

Although platelets in ACD whole blood stored 
under blood bank conditions for 20 days were not 
morphologically intact, approximately 50 per cent 
of the initial Pl“? antigen could be recovered in 
suspensions of particulate material made in the 
same way as platelet suspensions from fresh blood. 
In an occasional blood sample, some of the particu- 
late antigen-containing material which was present 
in plasma after storage for 10 to 30 days at 5° C 
would not sediment at 80,000 G, but this material 
could be removed by filtering plasma through a 
300 my pore-size Millipore filter. 


Suspensions of reactive platelets heated at 56° C 
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rABLE II 


Preparation and properties of platelet fractions * 


No. 1: 


saline 


Suspension of PIJA! Pl4! platelets in 
1.5 & 10°/mm 
No Prep. 1 treated in Raytheon 9 KC 
oscillator at max. voltage and frequency 
for 7 min at 3° C 800 
No. 3: Prep. 2 centrifuged 8,000 G for Crystal clear 
15 min; supernatant fluid assayed 

No. 3A: Alternately, Prep. 2 filtered 
through 1 uw sintered glass filter; filtrate 


Crystal clear 
assay ed 


No. 4: Prep. 3 (i.e., clear superantant 
fluid) centrifuged 80,000 G for 45 min; 
precipitate resuspended in original vol- 
ume 0.147 M NaCl and assayed 
Supernatant fluid of no. 4 


clear; in 1 


Clear 


lurbid, not transparent 


lransparent opalescence, 
no visible platelets at 


C’-fixing 


activity Sugar content 


U/ml 
903 


pe /ml 


219 100 


100 


100 


866 96 100 219 100 


Yellow button; suspen- 
sion in original vol 

10 original 
vol, opalescent 


58 


* C’-fixing activity of each preparation determined as shown in Figure 8 by using several dilutions of antigen with 


excess antibody. Nitrogen determined by nesslerization 


indole reaction after hydrolysis with conc. 


Sugar expressed as wg glucose based on total hexose assay by 
H2SO, for 20 minutes at 100° C. 


Particulate material obtained in Prep. 2 


when oscillation time was less than 3 minutes did not pass a 1 y pore-size filter, and when greater than 9 minutes, the 


C’-fixing activity of the sonicate decreased progressively. 
for most effective disintegration to occur in the oscillator. 


for 10 minutes, incubated at pH 3.2 or 10.0 for 30 
minutes at 20° C, and incubated in 50 per cent 
ethanol-water for 10 minutes at 20° C lost com- 
pletely and irreversibly their ability to fix C’ in 
the presence of antibody. However, these forms 
of treatment had relatively little effect on the abil- 
ity of platelets to combine with antibody, for the 
same platelets which had lost their C’-fixing prop- 
erty were at least 80 per cent as effective as un 
treated platelets in adsorbing antibody (see Figure 
7). True inactivation of the antigen (i.e., loss of 
both C’-fixing and antibody-binding properties) 
was not complete after heating at 56° C for 2 
hours, but was almost complete after heating at 
100° C for 10 minutes or after incubation in 50 per 
cent acetone-water for approximately 15 minutes. 

The antigen on platelets or in a particulate frac- 
tion of platelets (preparation 4, Table II) retained 
full activity when incubated in trypsin at a concen- 
tration of 0.5 mg per ml for up to 4 hours at 
37°, in addition to 16 hours at 25° C. The antigen 
appeared to be associated with the stromal frac 
tions of platelets. To prepare platelet stroma, 
platelet suspensions were frozen and thawed three 
times, and material that sedimented in 15 minutes 
at 14,000 G was then incubated for 1 hour in dis- 


tilled water and washed three times in 0.147 M 


Concentration of platelets had to be less than 2 X 106/mmé 


NaCl 


type contained approximately 30 per cent of the 


(8). Several stroma preparations of this 
nitrogen and 70 per cent of the complement-fixing 
activity present in the initial suspension. 

Some further purification was obtained by ex- 
posing suspensions of whole platelets or platelet 
stroma to ultrasonic vibration and separating anti- 
gen from residual platelet material by differential 
Table 


[I lists the conditions of preparation and proper- 


high speed centrifugation or fine filtration. 


ties of the sonicate. 

The ratio of C’-fixing activity to N content, as 
well as to sugar content, could be increased four- 
to fivefold by these procedures. Suspensions of 
preparation 4, which contained 12 umoles of hexose 
(as glucose) per ml, had no detectable uronic acid, 
glucuronide, or deoxy sugars. C’-fixing material 
of preparation 4 was in particulate form which 
passed a 300 mp pore-size filter but was 95 per 
cent retained by 50 mp pore-size. PI‘! Pl plate- 
lets treated in the same way as PI‘! P14! platelets 
gave approximately 50 per cent the yield of C’- 
fixing material at each step of fractionation, and 
Pl Pl platelets gave none. 

Antigen in platelet fractions had stability prop- 
erties similar in all respects to those described 


above for the antigen on platelets. Moreover, the 
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relationship between the amount of C’ fixed and 
the amount of antibody bound by platelet fractions 
was quantitatively the same as in the case of whole 
platelets—i.e., curves in Figures 7 and 8 could be 
reproduced with the fractions. Preparation 4, 
Table II, did not produce a precipitin reaction 
when mixed in suboptimal, optimal or above opti- 
mal amounts with serum containing 100 U of 
antibody per ml, or when layered on serum con- 
taining this concentration of antibody. Nonreac- 
tive Pl Pl platelets, incubated in preparation 4 and 
washed once, did not acquire the ability to fix C’. 

7. The nature of the antigen-antibody complex. 
The following experiments indicated that the an- 
Platelets 


in complexes formed in the presence of excess 


tigen-antibody complex was very stable. 


antibody could be washed four times in distilled 
water or various concentrations of NaCl up to 
to 40° C and 
remain at least 90 per cent saturated with anti- 


2.56 M at temperatures from 0 


body. There was no detectable antibody in super- 
natant fluid of complexes heated for as long as 
C in 0.147 M or 2.5 M NaCl, 
although any free antibody which might have been 


120 minutes at 56 


released would have been stable under these con- 
ditions (Section 1). The supernatant fluid of 
complexes incubated for 30 minutes at 20° C in 
0.147 M NaCl adjusted to pH 10.1 with NaOH, 
then neutralized with HCl after sedimenting plate- 
lets did not contain detectable free antibody, al- 
though antibody was stable at this pH (Section 1). 
Thus, heat and high pH, which completely abol- 
ished the ability of complexes to fix C’, did not 
effect release of antibody. 

Of the various techniques tried, only incubation 
at low pH produced significant dissociation of 
platelet-antibody complexes. The optimal pH for 
maximal dissociation was found to be 3.1 in 0.147 
M NaCl adjusted with HCI; the maximal yield of 
free antibody was 18 to 23 per cent of the amount 
attached to platelets. Platelet material was sepa- 
rated from the acid medium by centrifugation, and 
the supernatant fluid was neutralized before being 
Most of the antibody that would elute at 
Pro- 


assayed. 
pH 3.1 did so within 15 minutes at 20° C. 
longed incubation at pH 3.1 at other temperatures 
from 0° to 56° C and in 2.56 M NaCl did not in- 
crease the yield of free antibody. At pH values 
below 3.0, antibody inactivation (see Section 1) 


apparently proceeded along with elution, for the 
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vield of free antibody was progressively less; at 
pH values above 3.4, no free antibody was ob- 
tained. 

8. Antiglobulin consumption and _ fluorescent 
antibody studies. Typical results of experiments 
Non- 


reactive platelets incubated in normal serum (col- 


with Coombs serum are shown in Table III. 


umn 3) or in patient’s serum (column 4) and 
reactive platelets incubated in normal serum (col- 
umn 5) contained sufficient nonspecifically ad- 
sorbed material after five washes so that 10* plate- 
lets consumed approximately that amount of anti- 
human globulin contained in 0.1 ml Coombs serum 
1/2 Methods). PI*! PI*! 


platelets saturated with antibody consumed more 


with a titer of (see 
Coombs serum (column 6) than did control plate- 
lets. Approximately 10 U of antibody attached to 
10° platelets (see Figure 7) appeared to account 
for the specific binding of that amount of anti- 
human globulin contained in 0.1 ml of Coombs 
1/4. 


same amount of Coombs serum was adsorbed by 


serum with a titer of Approximately the 
10° erythrocytes saturated with anti-D. 
Fluorescent antibody methods which have been 
used to study reactions between platelets and het- 
erologous antiplatelet antibodies (12, 19) were 
applied to the present antigen-antibody system 
with both the direct and indirect “staining” tech- 
niques. In the direct method, fluorescein-conju- 
gated patient’s serum was applied to platelet 


rABLE Ill 


Fixation of antihuman globulin by platelet- 
antibody complexes * 


1 3 
P! Pl 


platelets 
4 


i 5 6 
P! Pl PIA! PA) P14! PIA 
platelets platelets platelets 
normal 
serum 


Coombs 
serum, 

final Preliminary 
dilution titration 


patient's 
serum 


patient's 
serum 


normal 
serum 


40 
/80 
160 
320 
640 
1,280 


* General technique described in Methods. The initial adsorption 
mixtures consisted of 10° platelets suspended either in 1 ml] of patient's 
serum containing 100 U of antibody/ml, or in 1 ml of normal serum from 
an individual with type AB erythrocytes. After incubation for 30 
minutes at 37° C and 5 washes, 10* platelets from each mixture were 
suspended in 0.2 ml of Coombs serum at 1/20, 1/40, 1/80, 1/160, 1/320 
and 1/640 dilutions. Supernatant Coombs serum from these mixtures 
was then added to an equal volume of a suspension of sensi(ized erythro 
cytes to give the final dilutions of Coombs serum listed n column 1. 
The preliminary titration of plain Coombs serum is shown in column 2. 
In columns 3, 4, 5 and 6 the initial adsorption mixtures used and the 
degree of agglutination obtained are listed. Similar results were ob 
tained in 4 separate experiments with platelets from a different donor 
each time. 





1608 


smears and incubated for 60 minutes at 37° C; 
excess serum was then washed off and the slide 
dried and mounted. In all instances the content 
of antibody in the conjugated serum used was at 
least 20-fold that necessary to saturate platelet 
smears ; smears were used immediately after being 
The 


washing procedures necessary to remove excess 


dried in air, not fixed by organic solvents. 


serum were known not to dissociate antigen-anti- 
body complexes (see Section 7), but the degree 
of fluorescence shown by preparations made with 
PjA? Pl4! platelets could not be distinguished from 
background or from that shown by similar prep- 
arations made with P1 PI platelets. In the indirect 
technique, unconjugated serum containing anti- 
body in great excess of that necessary to saturate 
the antigen was applied to platelet smears or mixed 
with platelet buttons. Platelet smears coated with 
anti- P14! serum or platelets suspended in the serum 
were incubated for 60 minutes at 37° C. Smears 


were washed after incubation and coated with 


fluorescein-labeled Coombs serum. Suspensions 


were washed after incubation, then smeared on 
slides and coated with Coombs serum. In each 
case Coombs serum was kept on the slides for 60 
minutes at 20° C, then washed off. Again, none 
of the preparations with Pl“! Pl“ platelets showed 
fluorescence that differed from that of control 
preparations. 

Y, Reactions of patient's antibody with heterol- 
ogous platelets. 


of platelets obtained from various animals was 


Quantitative C’-fixation activity 


determined, the same final concentrations of plate- 
lets and the same concentration of antibody as in 
Figure 5 being used. Platelets from 11 mongrel 
dogs, when used at a concentration of 25,000 per 
mm’, fixed 4 to 7 U of C’, and at 50,000 per mm’, 
fixed 7.5 to 11 U of C. 
a homogeneous group with respect to platelet ac- 


The dogs were therefore 


tivity, and the activity was comparable with that 
of PIA? Pl** human platelets. Platelets from 25 
rabbits, all from different litters, fixed C’ with the 
patient’s antibody. Rabbits also appeared to be a 
homogeneous group with respect to platelet activ- 
ity; for at a concentration of 25,000 per mm‘, 
rabbit platelets fixed 2 to 4 U of C’, and at 50,000 
per mm’, fixed 5 to8 U. Relatively low activity 
(cf. Figure 5) of the apparently homozygous rab- 
bit platelets was probably due to their very small 
size, for the hematocrit of rabbit platelets in a 
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suspension containing 2 < 10° per mm* was 6 vol 
per cent, whereas the hematocrit of the same con 
centration of human platelets was 15 vol per cent. 
Platelets from 3 Cynamacus and 3 Rhesus mon- 
keys reacted with the antibody. Quantitative ac- 
tivity of monkey platelets was relatively low on 
the basis of cell count, but again, monkey platelets 
are smaller than human platelets. Animal plate- 
lets which fixed C’ with the patient’s serum ad- 
sorbed all of the antibody that reacted with human 
None of 


the animal platelets tested reacted with normal 


platelets and the reverse was also true. 
human serum to produce C’ fixation. 

Although complexes of .dog platelets with pa- 
tient’s antibody fixed guinea pig C’ in amounts 
similar to that fixed by human platelet-antibody 
complexes, the patient’s antibody, in concentra- 
tions up to 20 U per ml, would not inhibit clot 
Table I). 


crepancy between the ability of dog platelets to 


retraction of dog blood (cf The dis- 
react with antibody and the inability of antibody 
to inhibit clot retraction of dog blood may be ex- 
plained by failure of dog C’ to be fixed as effec- 
tively as human C’ by platelet-antibody complexes ; 
for platelet-antibody complexes fixed very little, if 
any, dog C’ when dog serum was substituted for 
guinea pig serum as a source of equivalent C’ 
activity in reaction mixtures. The same discrep- 
ancy was observed in the case of rabbit blood. 
Although all dog, rabbit and monkey platelets 
tested reacted with the antibody, platelets from 16 


Sprague-Dawley rats and 12 


NIH-strain guinea 
pigs, and thrombocytes from 6 New Hampshire 
chickens did not react with the patient’s antibody 
in C’ 
from the patient’s serum. 

10. Reactions of heterologous antisera with hu- 
man platelets. Antisera against human PIA? P14’, 
PIA? Pl, and Pl Pl platelets were made both in 


animals whose platelets contained the P14? antigen 


fixation tests and did not adsorb antibody 


(10 rabbits) and in animals whose platelets lacked 
the PIA! antigen (11 rats and 9 guinea pigs). 
Regardless of the animal used or the type of 
human platelet against which it was sensitized, the 
antibody that formed reacted with the three types 
of human platelets to give the same quantitative 
relationships between the amount of C’ fixed per 


platelet in the presence of a fixed concentration of 


antibody (e.g., Figure 9, curve 1), and between 
the amount of C’ fixed by increments of antibody 
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COMP. FIX. UNITS 


1) PLATELET CONC. xi0°° | 2 
. ee acl. - 
2) SERUM CONC. X10? 3 6 


COMPLEMENT WITH HETEROLOGOUS 


Curve 1 is comparable with curves obtained 


Fic. 9. 
ANTIBODY. 


FIXATION 
in Figure 8. Reaction mixtures contained a fixed amount 
(0.005 ml) of serum from a rabbit sensitized with PIAl P14! 
platelets. The solid circles are results obtained with the 
same platelets used for sensitization, and the open circles 
obtained with Pl PI platelets. 
platelets in the mixtures are on the abscissa. Curve 2 is 
The reaction 


Final concentration of 
comparable with the curve in Figure 2. 
mixture consisted of a fixed final concentration (100,000 
mm*) of the same platelets that had been used for im- 
munization and various concentrations of the same im 


mune rabbit serum used to obtain curve 1. Concentration 


of serum is expressed as ml of rabbit serum per 0.3 ml 
reaction mixture. Similar results were obtained with all 
antihuman platelet sera, but antibody titers in different 
animals varied from 10 to 625 U/ml, a unit being defined 
in the same way as a unit of patient’s antibody. 


in the presence of a fixed concentration of platelets 
(e.g., Figure 9, curve 2). Moreover, antibody 
made in rabbits, rats, or guinea pigs against any 
one of the three types of human platelets was ad- 
sorbed completely by each type of human platelet, 
leaving no residual antibody that would react with 
the other two types. Thus, neither the Pl*! an- 
tigen on human platelets injected into animals 
which lacked the antigen on their platelets, nor 
the possible antigen “allelic” to P14! (see Discus- 
sion), injected into animals which were apparently 
homozygous for the PIA! antigen, provoked a type- 
specific antibody. Since these experiments in- 
volved a total of 28 antisera made against and 
cross-adsorbed with platelets from 18 different 
human beings, it appears either that those human 
platelet antigens which provoke C’-fixing anti- 
bodies in animals are shared by many individuals, 
or that the animals used do not discriminate (20) 
between type-specific antigen and other human 


platelet antigens. 
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11. In vivo effects of the patient’s antibody in 
animals and human beings. In view of the find- 
ing in Patient 2 (Figure 1) that thrombocytopenia 
persisted when antibody concentration was too low 
to be detected by in vitro techniques, it appeared 
that very little of the antibody from Patient 1 
would be necessary to produce thrombocytopenia 
The plasma used for all 
Patient 1 
One ml of 


experimentally in vivo. 
in vivo tests was obtained from and 
contained 72 U of antibody per ml. 
plasma injected intravenously in an individual who 
had Pl‘? Pl*! platelets did not change the platelet 
count. As shown in Figure 10, 5 ml of plasma 
containing 360 U of antibody, given to the same 
individual, depressed the platelet count 60,000 per 
mm* below the baseline value within 90 minutes, 
and a sustained depression of 40 to 50,000 per mm* 
lasted for approximately 24 hours. A second indi- 
vidual who had PI“! Pl! platelets was given 10 ml 
of plasma intravenously; platelets gradually fell 
from 170,000 per mm* to 50,000 within 2 hours 
and remained below the baseline value for more 


than 2 days. There were no ill effects whatsoever 
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Fic. 10. Jn vivo EFFECTS OF PATIENT'S ANTIBODY. All 
platelet counts were performed with a minimum of 4 
pipets and 8 chambers, with venous blood. The same 
plasma sample was used in all experiments and was 
The dog was not 


had been 


titered for antibody just before use. 
anesthetized and plasma given to the dog 
heated at 56° C for 30 minutes. 
is the baseline platelet value. 


Horizontal dashed line 
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after administration of the antibody and no change 
in the leukocyte count or serum C’ content. 
Antibody which produced the decrease of 120,- 
000 platelets per mm* in vivo could not be detected 
in the recipient’s blood by in vitro measurements. 
The 720 U would have resulted in a final plasma 
concentration of approximately 0.35 U per ml on 
the basis of dilution alone, and several minutes 
after injection free antibody could not be detected 
in the recipient’s serum by C’ fixation techniques. 
Moreover, any antibody adsorbed on circulating 
platelets was too small an amount to detect by 
agglutination, clot retraction or 


Coombs consumption tests, with the recipient's 


inhibition of 


own platelets or whole blood being used. 

One year after Patient P.K. had recovered, she 
was given 68 ml of her own plasma containing a 
total of 4,900 U of antibody assayed before injec- 
tion. Although the amount of intravenous anti- 
body given was 13 times greater than had been 
used to depress platelets in an individual with 
P1At Pl4! platelets, her platelet count remained un- 
changed. The antibody did not produce ill effects 
or change her white cell count. 

The antibody was not so effective in dogs as in 
man. As much as 3.5 ml of plasma (250 U of 
antibody) given to a dog weighing 6 kg did not 
produce a sustained thrombocytopenia, but 11 ml 
of plasma (800 U of antibody) produced marked 
and lasting thrombocytopenia (Figure 10). A 
second dog given the same dose, 133 U (1.8 ml) 
of antibody per kg, had an identical response. 
The dogs did not have hemorrhagic symptoms, 
discernible ill effects, change in leukocyte count, 
or a decrease in serum C’. Because several nor- 
mal human sera, as well as the patient’s serum, 
contained an agglutinin for dog platelets which 
was present in dilutions up to 1/10 after adsorp- 
tion with human platelets, the same dogs were also 
injected with the patient’s plasma from which 
anti- P14? had been adsorbed completely with hu- 
man PI*! PIA! platelets, as well as with plasma 
obtained from the patient 6 months after recovery. 
These control injections (2 ml of plasma per kg) 
produced approximately a 30,000 per mm’ de- 
crease in platelet count which lasted less than 1 
hour. Control injections were given in one dog 3 
days before antibody, and in the other dog, 4 days 


after antibody. 
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12. Other observations in human beings on mis- 
match of Pl4* and the possible antigen “allelic” 
to Pl*!, During the period of purpura, the first 
patient received a total of 17 U of 
received 


fresh whole 
blood and the second patient small 
amounts of fresh blood from three different do- 
nors, without evidence of further provocation of 
antibody in each case. It was considered that 
neutralization of transfused antigen by remaining 
antibody may have prevented stimulation of anti- 
body production in these instances, and that anti- 
gen might be effective if given after antibody had 
disappeared. However, after administration of 
various forms and amounts of antigen (listed in 
Table IV) to Patient 1 long after disappearance 
of detectable antibody, ail tests for C’ fixing and 
agglutinating antibodies remained negative, as did 
tests for possible “blocking” antibody with the 
direct and indirect Coombs consumption tech- 
niques. There was also no evidence of a “block- 
rABLE IV 


Attempt to provoke anti-P1A! antibody in a 
previously sensitized individual * 


Infusior Interval after 


no. recovery Material infused 


PIA! PIA! platelets fren 500 ml fresh 
ACD blood, washed once in saline 


500 ml PIA! PIA! whole blood stored 
1 week 


7 mos. 
8 mos. 
10 mos. 25 ml PIA! Pl4! platelet-rich plasma, 
stored 5 days, from the donor to 
Pat. 2 


200 ml fresh whole blood 
donor to Pat. 1 


10 mos. from a 


11 days 


10 mos. 1 
17 days 2 


14 mos. 


25 ml platelet-rich plasma, stored 
2 days, from the donor to Pat. 2 


Fractionated PIA! PIA! platelets, 
Prep. 4 in Table II, 32% yield from 
total of 5 X 10” platelets 
225 ml whole blood, stored 3 days, 
from the donor to Pat. 2 


18 mos. 


* The recipient in each instance was Patient 1. The 
donor to Patient 2 was the individual who supplied the one 
full unit of blood for the transfusion at operation, and the 
donor to Patient 1 was one of three whose blood the patient 
had received during operation (see Case Reports). None 
of the infusions produced symptoms and the recipient's 
platelet count did not change during postinfusion periods. 
Tests for antibody, by a C’-fixation technique that could 
detect 1.0 U of antibody/ml performed on sera obtained 
daily for 8 to 12 days after each infusion, were negative. 
The same sera were also used in agglutination tests and in 
various tests for possible ‘“‘blocking’’ antibody (see text). 
After infusions 1 and 7, a “‘direct’’ Coombs consumption 
test was done, using the recipient’s own platelets. All of 
these tests were negative. 
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rTABLE 


PURPURA 


V 


Comparison of patients who developed purpura after transfusion 


Initial 


transfusion Onset 


40 3 U* 
42 tur 
(75 ml of 2nd) 


56(17) 1 Ut 


51 (18) 1U 


Post-transfusion thrombocytopenic state 
Transfusion 


Duration Megakaryocytes _— reaction rreatment 


days 


3 plentiful Exchange 
transtfus. 
20 plentiful Steroids 


17 plentiful Steroids 


None 


8 increased 


* Each unit stored 20 days in blood bank; small clots in one unit. 
+ Each unit stored 16 days in blood bank; large clots in second unit. 
t Blood stored 10 days in blood bank (personal communication from M. Zucker). 


ing” antibody which might have been detected by 
its inhibitory effects in C’-fixation reactions; for 
10° P14? Pl" platelets, incubated in 1.0 ml of the 
various post-transfusion sera (see legend, Table 
\V) for 1 hour at 37° C, retained full ability to 
react with C’-fixing antibody, and the activity of 
small amounts of C’-fixing antibody (0.5 to 1.0 U) 
was not diminished in the presence of 0.25 ml of 
the various post-transfusion sera. Moreover, there 
was no indication that hypersensitivity of the de- 
la,ed type had developed, for the infusions of 
antigen caused no systemic symptoms and intra- 
dermal injection of antigen produced no _ local 
reaction. 

Of the large group of normal individuals whose 
platelets were tested with anti-PI4', two whose 


platelets were nonreactive (Pl Pl) had received 


several transfusions during operative procedures 
2 and 3 years before, respectively. They had not 
developed hemorrhagic complications after trans- 
fusion, although the chances were at least 50 to 1 
that each unit of blood they received contained 
Pl‘? antigen. 

A normal individual with Pl PI platelets, who 
had never been transfused, was observed daily for 
11 days after receiving 50 ml of 20-day old blood 
(containing Pl‘! Pl‘! platelets) from the initial 
donor of the full unit of blood to Patient 2. There 
was no evidence of antibody formation by C’ fixa- 
tion, agglutination, and direct and indirect Coombs 
consumption techniques, and the above tests for 


“blocking” antibody were negative. A second in- 
jection of a suspension of 1.6 x 10*' fresh P14“? PI“! 


platelets, given to the same individual 11 days 


after the first injection, also did not produce a 
detectable form of anti-P1I“! antibody based on de- 
terminations done on serum samples obtained 
daily for 2 weeks thereafter. 

It was conceivable that individuals with PI“! 
PIA! platelets might lack a possible antigen “al- 
lelic” to Pl”! 


Platelet-rich plasma from a normal PI PI individ- 


and develop antibodies against it. 


ual was given intentionally to an individual with 
Pl‘? P14" platelets. 
ml on two separate occasions, the recipient did not 


After administration of 125 


develop antibody against Pl PI platelets that could 
be detected with the same C’ fixation, agglutinin, 
and Coombs consumption techniques employed to 


measure the anti-P14! 


antibody, and the recipient's 
platelet count was unaffected. 

13. Evaluation of other relevant factors. In 
accounting for the infrequency of post-transfusion 
purpura, the possibility that a rare donor’s blood 
might contain an unusual amount or form of anti- 
gen had to be considered. Attempts were made to 
detect a free or coating form of antigen in fresh 
samples of ACD blood obtained from the five 
donors whose blood had been given to both pa- 
tients at operation; platelets from each donor re- 
acted with the antibody, the donor of the full unit 


of blood given to Patient 2, 


and two of the three 
donors to Patient 1 having platelet type PI“? PI4?. 
Serum and plasma from each donor did not pro- 
duce a visible band against antibody in agar-gel 
diffusion plates, and did not form a precipitin 
when layered on or mixed with serum containing 
100 U of antibody per ml. Unheated, platelet- 
free sera from three of the five donors, used as 
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a source of possible antigen as well as C’ in incu- 
bation mixtures with antibody, did not fix C’; and 
prior incubation of small amounts of antibody 


(1.5 U) in 0.3 ml of the various donors’ fresh 


platelet-free sera did not decrease the amount of 


C’ fixed by the antibody on subsequent addition 
of reactive platelets.2 Thus, no evidence could be 
obtained for free PIA! antigen that would react 
141. With the same series of 
Al 


directly with anti-] 
tests for free antigen, none was detectable in | 
P14! blood after storage for up to 21 days at 5° C 
or after partial clotting was permitted before citrate 
anticoagulant was added. If age of blood or inade- 
quate anticoagulant were involved in producing a 
free form of Pl4!, the antigen was not detectable 
by the im vitro tests used. 

Attempts to detect a soluble form of P14? anti- 
gen in donor blood, which might be demonstrable 
by C’ fixation after adsorption on P1 PI platelets, 
were unsuccessful, but two samples of plasma from 
the donor to Patient 2 contained large amounts of 
finely particulate antigen which did not sediment 
(see Section 6) unless Pl Pl platelets were mixed 
Pl Pl platelets, incubated in 


jlasma of the donor to Patient 2 
| 


with the plasma. 
and washed, 
acquired the ability to fix C’ with antibody. How- 
ever, filtration of the donor’s plasma (300 my 
pore-size ; see Section 6) removed the particulate 
antigen which apparently could be adsorbed by 
PI PI platelets. 


Excretion of P14! 


antigen in saliva could not be 
evaluated conclusively, for relatively undiluted 
saliva had marked anticomplementary activity. 
However, saliva from four individuals with Pl‘! 
Pl“? platelets, including the donor to Patient 2, 
used at 1/10 dilution, did not fix C’ with anti- 
body or interfere with complement fixation by 
P14? Pl*" platelets; and P! PI platelets, incubated 
in these undiluted salivas, did not acquire the abil- 
ity to fix complement with antibody. 

It was of interest to determine whether the P14! 
Platelets 


in cord blood of two infants were found to have 


antigen was present on platelets at birth. 


* When human serum instead of guinea pig serum was 
used as a source of C’, antigen-antibody mixtures fixed 
The 
decrease in C’ fixation was not due to specific inhibition 
produced by free P14! antigen; for all human sera used 
as a source of C’, whether from individuals with P141 P141 
or Pl PI platelets, gave identical results in C’-fixation 
tests. 


half as many units of human C’ as guinea pig C’. 
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the same antigen content as the P14? P1*' platelets 
of the mothers. 

14. Observations on typical cases of idiopathic 
thrombocytopenic purpura. None of 16 cases of 
classical ITP was found to have a platelet agglu- 
tinin, with a test system using sera at 8/10 or 
greater final dilution. Of the 16 cases, 5 were less 
than 15 years old; 4 of the 5 were males; 2 of the 
5 had acute and 3 had chronic ITP. Eight of 11 
3 of the 11 had acute and & 
Sera from 12 patients with 


adults were females; 
had chronic ITP. 

ITP were used in C’-fixation tests with platelets 
from 6 different normal individuals, and in no 
instance was C’ fixed. 
tions used in C’-fixation tests with ITP sera varied 
from 25,000 to 100,000 per mm‘*, the final serum 
dilution was 1/2 to 1/4, and the amount of guinea 


Final platelet concentra 


pig C’ used permitted detecting with certainty fixa- 
tion of 0.5 U 
cubated for 90 minutes at 37° C. 


All C’-fixation mixtures were in- 
[In addition, in 
three instances in which the ITP patient’s own 
serum was used as a source of possible antibody 
as well as C’, C’ was not fixed. Thus, the various 
in vitro techniques, used at the limit of their sensi- 
tivity for detecting the anti-Pl4! antibody and 
other definite platelet antibodies (8, 9), gave no 
evidence for the presence of a similar antibody in 
the sera of typical ITP cases. 

Platelets from eight consecutive cases of ITP 
reacted with the antibody from Patient 1 in C’ 
fixation and agglutination tests in the same way 
as did platelets from normal individuals. Antigen 
content of these platelets was not determined quan- 
titatively. 

DISCUSSION 


Development of the disease. The correlation in 
the two patients studied of transfusion of mis- 
matched platelets, thrombocytopenia 1 week later, 
and the presence of an antibody which reacted 
with the donors’ platelets, but not with the pa- 
tients’ own platelets obtained after recovery, indi- 
cates that an isoantibody was provoked which 
paradoxically was capable of destroying platelets 
of the sensitized individuals. 

There are two published reports of patients 
with thrombocytopenic purpura associated with a 
platelet agglutinin (17, 18) and inhibtor of clot 
retraction (17) which did not react with the pa- 


tients’ own platelets obtained after recovery. Rea- 
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sons for development of the antibody and the 
thrombocytopenic state in these cases were not 
clearly defined. Actually, the two reported pa- 
tients had received a blood transfusion shortly 
before onset of purpura and the clinical course of 
all four patients was strikingly similar (Table V ). 
Serum from the patient of van Loghem, Dortf- 
meijer, van der Hart and Schreuder (18), had 
agglutinated platelets from 97.6 per cent of the 
normal individuals tested, and the antigen which 
We 
sent antibody which reacted with antigen, that we 
have labeled Pl*!, to Dr. van Loghem who found 
that it reacted with Zw-positive platelets, but not 


reacted with the antibody was labeled “Zw.” 


with Zw-negative platelets. The antigen Pl*? is, 
therefore, the same as Zw, and the term, Zw, has 
precedence ; but the designations P/*! and PI, for 
the genetic determinants of platelet antigenicity, 
facilitate presentation of the concepts derived from 
the present study and are in accord with syste- 
matic notation suggested by Ford (21) (see be- 
low). No 
immunization of Pl Pl individuals against PI“! 


doubt three of the cases represent 
antigen, and there is little doubt that the patient 
of Zucker and co-workers (17) represents im- 
munization against a platelet antigen but, unfor- 
tunately, the specificity could not be determined. 
During the period of purpura, the patients’ 
platelets, nonreactive on a genetic basis, evidently 
were susceptible to the antibody. This suscepti- 
bility was not due to some obscure reaction be- 
tween antibody and normal P1 PI! platelets which 
might occur only in vivo, for 13 times the amount 
of antibody that produced sustained depression of 
platelets in a PJ4? Pl“! individual had no effect on 
platelets of a P/ Pl individual (Section 11). 
recovery took place in Patient 1 (Figure 3) in 


Since 


the presence of an antibody level much higher than 


the highest level measured in Patient 2 
dD 


during 
purpura (Figure 1), it was apparent that beneficial 
effects of exchange transfusion were not due sim- 
ply to decrease in antibody. Rather, the abrupt 
cure appeared to be caused by suppression of an 
additional factor which must have been present to 
make P1 P! platelets susceptible to antibody during 
the period of thrombocytopenia. The observed 
phenomena could be explained if PI4? antigen in 
transfused blood not only provoked antibody, but 
also persisted in vivo in a form capable of effecting 


attachment of antibody to Pl PI platelets. The 
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following considerations lend weight to this 
hypothesis. 

There are at least two ways in which antibody 
against Pl“! antigen could become attached to 
P1 Pl! platelets; these platelets could be coated in 
vivo with some form of antigen that would react 
with antibody, or antigen-antibody complexes 
formed in vivo could be adsorbed onto platelets. 
The first possibility is supported by well docu- 
mented examples that free antigens are adsorbed 
on erythrocytes both in vitro and in vivo—e.g., 
Lewis Groups (22a) and the J antigen in cattle 
(23); but, as yet, there are no examples that 
transfused erythrocyte coating-antigens provoke 
which destruction of the re- 


antibodies cause 


cipient’s erythrocytes. The second possibility is 
supported by observations which indicate that ad- 
sorption of antigen-antibody complexes onto plate- 
lets is the most likely mechanism of drug purpura 
(4, 8, 24), and that nonspecific adsorption of anti- 
gen-antibody complexes by platelets is a general 
immunologic phenomenon (25) which can produce 
thrombocytopenia in vivo (26). Either possibil- 
ity would depend on survival of PIA’ antigen im 
vivo for a longer time than the period of antibody 
induction. 

Results of infusions of antibody in normal Pl"! 
Pl" individuals (Figure 10) indicate the amount 
of P14! antigen that would have to survive to cause 
thrombocytopenia by the above mechanisms. As 
little as 360 U of injected antibody, an amount 
pP]4! 


Pl“! platelets (Figure 7) contained in approxi- 


which could saturate at most the 3.6 x 10° 


mately 20 ml of the recipient’s blood, produced sus- 
tained depression of platelets in a 54 kg individual. 
By analogy, it appears that if PI‘? antigen from 
as little as 20 ml of blood were distributed over 
the platelets of a P/ PI recipient in association with 
antibody, thrombocytopenia would no doubt occur. 
A form of antigen that might coat Pl PI platelets 
or be adsorbed onto platelets in complex with anti- 
body would have to be detached from antigenic 
platelets. The in vivo survival of antigen which 
became detached from a donor’s platelets (either 
before blood was transfused or by some in vivo 
process in the recipient) would not necessarily be 


comparable with survival of intact transfused 


platelets. Because the antigen is so stable (Sec- 
tion 6), and such small amounts apparently would 


suffice to make PI! PI! platelets susceptible to anti- 
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body in vivo, it is conceivable that, after trans- 
fusion of 500 ml of PI4? Pl4! blood, an effective 
antigen concentration could persist for weeks 
In VIVO, 

Numerous attempts were made to demonstrate 
a form of antigen that might effect attachment of 
antibody to Pl PI platelets (Sections 6 and 13), 
but none could be detected in blood from normal 
individuals, including three of the patients’ initial 
donors, or in various preparations of disrupted 
platelets. It is possible that conditions for pro- 
ducing the appropriate form of antigen may exist 
only in vive. The finding that PI“! antigen could 
be altered so that its complexes with antibody 
would not give the usual in vitro reactions (Sec- 
tion 6) suggests that a form of antigen, not neces- 
sarily detectable by techniques used so far, could 
be involved in development of the disease. 

It is apparent from the various conditions which 
failed to dissociate antibody-PI“! antigen com- 
plexes (Section 7), and from the completeness of 
antibody adsorption in mixtures containing an ap- 
proximately equal ratio of antigen and antibody 
(Figure 7), that the association constant of the 
complex must be very high. This favors the pos- 
sibility that circulating antigen remaining at the 
time antibody appears exists thereafter in complex 
with antibody, and that the complex is adsorbed 
by Pl PI platelets. The high affinity between anti- 
body and antigen would assure complex formation 
even at very low concentration of both reactants 
and could account for persistence of thrombocyto- 
penia under the conditions present in Patient G.H. 
Smaller amounts of antigen-antibody complex may 
be required to perpetuate the thrombocytopenic 
state than to establish it, for megakaryocytes ap- 
parently have a limited capacity to replenish plate- 
lets after induction of severe thrombocytopenia 
(4). 

The above considerations, therefore, make it 
possible to explain the occurrence of post-trans- 
fusion purpura in terms of in vivo survival of 
minute amounts of foreign antigen which, in com- 
plex with the antibody it provokes, can attach to 
platelets of the recipient. Other conceivable ex 
planations for the paradoxical thrombocytopenia 
would require such hypotheses as the presence of 
a different population of platelets before immuni- 
zation in individuals not showing evidence of 


chimerism (27), the presence of a different popu- 
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lation of platelets after the thrombocytopenic state 
as a result of somatic mutation, or the temporary 
presence of acquired Pl4!-like substance on Pl Pl 
platelets analogous to acquired B-like substance on 
The likelihood that 
these hypothetical circumstances would associate 
JAI 


Group A erythrocytes (28). 
by chance with immunization against | antigen, 
and account for thrombocytopenia, seems more re- 
mote than the explanation discussed above. 

The infrequency of post-transfusion purpura. 
The problem of explaining the infrequency of post- 
transfusion purpura, in spite of frequent antigenic 
mismatch (approximately 1.5 per cent of general 
transfusions), has two aspects. One aspect in- 
volves factors affecting development of thrombo- 
cytopenia if antibody does form; the other, factors 
affecting formation of antibodies against so-called 
“weak” antigens. Development of antibody alone 
without accompanying thrombocytopenia conceiv- 
ably could occur, for antibody might be provoked 
in susceptible P/ PI individuals by any form of 
Pl“? antigen, but the form of antigen necessary 
to effect attachment of antibody to platelets may 
not develop or survive the period of antibody in- 
duction so frequently. The frequency with which 
antibody alone may develop is not known, because 
purpura is the only symptom that draws attention 
to immunization. Failure of attempts to provoke 
antibody in a normal P/ Pl individual (Section 12) 
established the fact that P/ P/ individuals do not 


form detectable antibodies or develop 


Al 


always 
thrombocytopenia after initial exposure to ] 
antigen. Alternatively, the form of antigen that 
may survive in vivo and effect attachment of anti- 
body to Pl PI platelets may be the only type that 
gains access to antibody-forming tissue. Failure 
of Patient 1 to respond to attempts at re-immuni- 
zation (Section 12) suggests that some unique 
characteristic of antigen in donor blood may be a 
prerequisite for immunization. Otherwise, it 
would appear that Pl“! antigen either could pro- 
duce “immunologic paralysis” (29), a phenome- 
non which has not been observed in human beings 


as yet, or provoke another form of antibody un- 


detectable by techniques used. 

There are other possible factors which could 
affect 
antigen. 
immunologic tolerance (30) as a result of pla- 


initial “susceptibility” to transfused P14! 


Some P/ PI individuals may acquire 


cental transfer of maternal Pl“! antigen, since most 
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Pl Pl individuals would have [’/*' P] parents (see 
below). If placental transfer occurred invariably, 
only children of P/ Pl mothers might be expected 
to be sensitive to Pl“! antigen ; but the two patients 
observed had P/4! Pl mothers (Figure 4), indi- 
cating that, if immunologic tolerance does occur, 
it is not predictable. The two observed patients 
each had three P/4! PI! children, and the two other 
patients (Table \V) also had had children. If the 


disease proves to be limited to parous females, con- 


ditioning to placental transfer of P14’ antigen pres- 
ent in fetal blood may have to be considered as a 
susceptibility factor. The meaning of the equivo- 
cal terms ‘weak antigen” and “susceptibility,” ap- 
plied in the case of platelet mismatch, may become 
clearer when these possibilities are further eval- 
uated. 

Therapy of the disease. 
in this disease is typical of that following an initial 


Antibody production 


single exposure to an antigen; for after the peak 
response, by the sixth to eighth post-transfusion 
day, there was a gradual decline in titer (Figure 
1) (31). 


concomitantly with decay of antibody, and in Pa- 


Thrombocytopenia in Patient 2 cleared 


tient 1, possibly after removal of the postulated 
antigen-antibody complex. The disease is there- 
fore self-limited, and purpura apparently clears 
spontaneously when antibody or the postulated 
antigen-antibody complex, or both, reach a level 
low enough to permit regenerating platelets to cir- 
culate. However, since purpura is characteristi- 
cally severe and lasts as long as 3 weeks, treat- 
ment may become necessary. 

Exchange transfusion may prove to be the treat- 
ment of choice, for all evidence indicates that 


V) and 


splenectomy does not seem to be indicated; but 


steroids are not beneficial (see Table 
there is some hazard attending exchange trans- 
fusion. During the period of purpura, all patients 
had reactions to whole blood or _platelet-rich 
plasma, such as chills, fever, urticaria and shock, 
all of which might be attributable to reaction be- 
p]4! 


tween antigen on transfused platelets and 


antibody. The long time required to effect the 
exchange in Patient 1 was due to the inability to 
infuse whole blood at a rate faster than 2 to 3 ml 
per minute without causing severe hypotension. 
The severity or type of symptomatology other pa- 
tients may develop when similarly treated cannot 
be predicted. Although P14! antigen given during 
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the exchange did not provoke further antibody 
or perpetuate thrombocytopenia, until further in- 
formation is obtained, it must be considered that 
p]41 


additional antigen potentially may prolong, 


rather than cure, the disease. Perhaps exchange 
transfusion with Pl Pl blood, or administration of 
large amounts of Pl P!1 platelets alone, if available, 
would provide equally effective treatment and 
entail less risk. 

The exchange transfusion involved alternate re- 
moval and replacement of 100- to 300-ml aliquots 
of blood until a total of 5,500 was withdrawn and 
6,500 replaced. 
of 4,900 ml (see Section 2 and Figure 3) and that 
the hematocrit 


Assuming a fixed blood volume 


excess transfused blood elevated 
but did not dilute plasma components, the final 
dilution produced, calculated simply as a series of 
sequential dilutions, was 31 per cent (or 69 per 
cent effective). Since this value would vary no 
more than + 1 per cent whether the alternate ali- 
quots withdrawn and replaced were 10 per cent 
or 1 per cent of the initial blood volume, not less 
than approximately 31 per cent of the initial anti- 
body should have been left as a result of dilution 
alone ; but only 3 per cent could be measured (Fig- 
ure 3). However, the 6,500 ml of transfused 
blood, containing approximately 200,000 platelets 
per mm* (assumed 74 per cent Pl“! Pl4!, 24 per 
cent P14! Pl), was sufficient to bind approximately 
1.14 x 10° U of antibody based on the data of 
Figure 5 (i.e., 10* P14? Pl4! and 2 x 10° PIA? PI 
platelets bind 10 U of antibody). Of the 3.2 x 10° 
U of circulating antibody (3,200 ml plasma x 100 
units per ml) present initially, apparently 69 per 
cent, or 2.2 X 10° U, was removed by exchange 
and 1.14 x 10° U 


with the transfused platelets which did not circu- 


could have been sequestered 
late. Thus, combined removal and sequestration 
could account for loss of approximately as much 
antibody as circulated initially, and hence for the 
Within 13 
hours after the exchange, circulating antibody had 
increased to 6.4 X 10‘ U (3,200 ml plasma x 20 U 
The elevation was too prompt and too 


finding of 3 per cent antibody left. 


per ml). 
moderate to be considered an anamnestic response 
and suggested that re-equilibration with extravas- 
cular y-globulin occurred, which in part could have 
reflected some release of the 1.14 x 10° U of 
sequestered antibody. 


Since approximately 2 U of human C’ (one-half 
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as much as guinea pig C’, Section 13) was fixed 


by 1 U of antibody, administration of enough anti- 
gen to complex with 1.14 x 10° U of antibody (see 
above) could have resulted in fixation of as much 
10° U 
circulating complement was initially 1.76 x 10° U 
3,200 ml plasma), and the dif- 
10° U of C’ in trans- 
fused plasma (an average of 60 U C’ per ml x 
3,900 ml) and the 1.54 x 10° U of C’ in removed 
plasma (an average of 44 U C’ per ml x 3,500 ml) 
would have provided an additional 0.8 x 10° U 
of circulating C’. x 10° total 
of C’ were available and 2.28 x 10° (or approxi- 
The 


measured drop of C’ im vivo was the result of 


as 2.28 x of C’ in vivo. The patient’s total 
(45 15 <7 per ml 
ference between the 2.34 X 


Thus, 2.56 units 


mately 90 per cent) could have been fixed. 


fixation, for it was subsequently observed that ex- 
change transfusion with even larger amounts of 
ACD blood in a nonimmunologic disease did not 
produce a drop in C’. The patient’s C’ level fell 
as little as it did (Figure 3) possibly because addi- 
tional amounts were produced rapidly or were 
available from extravascular spaces, or both. Be 
cause such large amounts of C’ may be fixed with 
relatively little effect on the circulating C’ level, 
it is not surprising that both patients had normal 
levels of C’ during the height of purpura, for the 
amounts of antigen conceivably involved in devel- 
opment of the disease were quite small. 
Characteristics of the platelet system containing 
PI** antigen. The ability to differentiate clearly 
three cell phenotypes based on quantitative reac- 
tions with an antibody against one antigen is 
unique. Since platelets of individuals who were 
most likely P/4' Pl uniformly contained half as 
much antigen as platelets of individuals who were 
most likely P/4! Pl4!, it appears that the known 
antigen, P14’, is inherited as a character, dependent 
on a gene capable of expressing itself in a single 
or double dose. In view of the dominance of 
blood group antigens in general (22b), there is 
a good possibility that the allele of P/*' controls 
another antigen which is inherited as a “co-domi- 
nant” character. Attempts to find or provoke an 
antibody against this hypothetical antigen (or anti- 
gens, for conceivably there could be more than one 
allele) have been unsuccessful so far (Sections 10 
and 12). Since similar attempts to provoke anti- 
body against the known P14! antigen also failed, 
the possibility of finding the “missing” antigen (s) 
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still seems more likely than the possibility that the 
Pl gene has no activity or only modifies (22c) the 
expression of P/*!, 

The gene frequency of P/4! and Pl, estimated 
by translating low and high activity phenotypes 
into genotypes P/4! Pl and P/i4! P/*', respectively, 
was in close agreement with the frequency that 
would be required to give the observed 1.5 per cent 
nonreactors in the group of 206 individuals tested. 
Since there were 26 per cent apparently hetero- 
zygous and 74 per cent apparently homozygous 
Pl*" individuals among the 23 individuals screened 
by quantitative C’ fixation, the gene frequency 
(22d) of Pl*! would be 0.74 + 0.26/2 = 0.87, and 
arr Ose. =O13; 
Pl Pl individuals on this basis would be (0.13)° 


The expected frequency of 


= 0.017 or 1.7 per cent, which compares well with 
the observed frequency of 1.5 per cent in the 
large group. 

Iffects of various physical and chemical forms 
of treatment (Section 6) indicated that Pl“! anti- 
gen could be either a relatively stable protein or 
polysaccharide, and the ratios of C’-fixation activ- 
ity to nitrogen or sugar content of platelet frac- 
tions (Table II) did not distinguish the possibili- 
ties. However, since prolonged exposure to high 
concentration of trypsin had no effect on the anti- 
gen, there is a good possibility that Pl“! is a poly- 
saccharide, perhaps similar to the mucopolysac- 
charide erythrocyte group substances which have 


2 


been characterized (32, 33). The Pl4! antigen 
could not be detected by fluorescein-labeled anti- 
body techniques (Section 8). In this respect P1*! 
antigen resembles A substance on erythrocytes 
(34) and differs from the human species-specific 
platelet antigens which provoke heterologous anti- 
bodies (12, 19) which do not distinguish type- 
specific human platelet antigens (Section 10). 

3y determining platelet genotypes and erythro- 
cyte phenotypes in the same individuals, it was 
possible to conclude that Pl“! antigen was not 
identical with a number of different erythrocyte 
antigens (Section 5), but more observations on 
appropriate family groups will be necessary to 
evaluate possible linkage between platelet and ery- 
throcyte group systems. Since the platelet antigen 
system is another example of a genetic polymor- 
phism (35), some correlation between this system 
and a factor influencing natural selection may ex- 
ist. The selection factor conceivably could be 
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neonatal purpura (36) due to mother-fetal Pl“! 
incompatibility ; for we have recently seen a family 
in which the mother has type PI PI! platelets, the 
father has type PI“? Pl4', and a child born a year 
ago with neonatal purpura has type Pl“! Pl. 
Definite demonstration of a direct proportional- 
ity between gene dose and quantity of antigen on 
platelets was made possible by use of a quantita- 
tive C’-fixation technique. Other serologic proce- 
dures used did not lend themselves to sufficient 
refinement for differentiating cells containing a 
Over 
the years many attempts have been made to dis- 
tinguish heterozygous erythrocyte phenotypes by 
agglutination techniques (22) and, more recently, 


twofold difference in antigen (Section 5). 


by employing radioactively labeled antibodies (37, 
38), but the results have not been clear-cut, possi- 
It ap- 
pears likely that application of a C’-fixation tech- 


bly due to limitations of techniques used. 


nique, similar to the one used herein, will facilitate 
more precise evaluation of erythrocyte antigen sys- 
tems (and gene-dose effects) in the instances in 
which this technique is applicable. 

Notation of platelet antigen systems. Because 
it is likely that at least one allele and possibly other 
alleles of P/4! will be identified, and because we 
have recently identified several other inherited 
platelet antigens * which are not produced by an 
allele of P/4!, some uniform notation of platelet 
antigen systems should be adopted. Many of the 
suggestions of Ford (21) have been followed in 
this report. Genes are italicized, antigen not 
italicized; the gene whose antigen has been rec- 
ognized by an antibody is indicated by the suffix 
Al, and no suffix has been given to the gene whose 
antigen has not been recognized as yet. It is 
suggested that if an allele of P/4! is recognized 
by an antibody, it be labeled P/**; and if multiple 
alleles are recognized, they be labeled sequentially, 
Pl4®, and so on. 

The matter of labeling loci of platelet antigen 
systems to distinguish them from erythrocyte sys- 

8 During preparation of this report, the mother of an 
infant with neonatal purpura was found to have an anti- 
body in her serum which reacts with an antigen inherited 
independently of PlA1, An abstract concerning this find- 
ing appeared in the April, 1961, issue of Clinical Research. 
Moreover, antibodies against two additional platelet anti- 
gens, each apparently genetically unrelated to the other 
three, have been found in individuals who had received 
multiple transfusions. 
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tems can be overcome if new loci controlling plate- 
let antigens are designated by a new suffix letter 
after Pil—i.e., Pl®, PI°, and so on,‘ and if the 
alleles at each locus are identified by suffix num- 
bers. A gene whose antigen has not been recog- 
nized by an antibody could be labeled with the 
appropriate suffix letter, but not a number. For 
example, the system reported herein would be 
called the Pl“ system; the recognized allele would 
be designated as it has been, Pl“, and the un- 
recognized allele would be P/* instead of PI. 
This is a departure from Ford’s suggestion but 
would provide an open end for any number of 
alleles in any one system; each system would have 
its distinguishing suffix letter, and there would be 
no confusion with erythrocyte or other systems. 
Because phenotypes can be translated directly into 
genotypes in the P/4 system, antigen-dose and 
gene-dose could be indicated by numbers in brack- 
ets after the locus symbol, and absence of a “dose” 
could be indicated simply by a minus, i.e., PI“ (1,1) 
for P]A! Pl! platelets, and PI4 (1,1) for the cor- 
responding genotype; Pl* (1,-) for PIA? PI* plate- 
lets, and PI‘(-,-) for PI* Pl* platelets. The 
number, 2, would be substituted for a minus when 
the antigen is recognized. If only the presence or 
absence of an antigen were detectable in another 
platelet antigen system, only one number or minus 
would be placed in a bracket. The suggestions by 
Ford concerning recessive antigens could be fol- 
lowed by using a small suffix number. 
Implications in ITP and suspected “autoim- 
mune” disorders. Post-transfusion purpura is the 
second definite immunologic entity to be differen- 
The first 
Although the underlying causes of 


tiated from the ITP syndrome. was 
drug purpura. 
sensitization are widely different in post-transfu- 
sion and drug purpura, the antibodies in both dis- 
eases have similar qualitative and quantitative 
activities in vitro and in vivo. The similar rela- 
tionships in the two antibody systems, between the 
amount of C’ fixed and the relative concentrations 
of antibody and platelets (see Figure 8 and Ref- 
erence 8) indicate that the theoretical considera- 
tions concerning antibody adsorption and C’ fixa- 


tion which apply to drug antibodies (8, 39) also 


are applicable to anti-Pl“! (as well as to heterolo- 
gous antibodies; e.g., Figure 9) if variables de- 

The additional loci, P/®, P/°, and Pl? are already 
accounted for in this laboratory (Footnote 3). 
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pendent on drug concentration are excluded. 
Thus, the mechanism proposed for C’ fixation by 
drug antibodies (8) may operate generally with 
many antibodies reacting with antigens on cellu- 
lar surfaces. 

The concentration of anti-PI4' required to de- 
press PIA! PIA! platelets experimentally im vivo 
was much lower than the concentration that could 
be detected in vitro with the most sensitive assay 
Plate- 


lets which were destroyed in vivo were quite un- 


techniques developed so far (Figure 10). 
saturated with antibody. The degree of unsatura- 
tion was such that platelets probably were not 
“lysed” directly by the small amount of C’ which 
could have been fixed and probably were not ag- 
glutinated in the circulation. Rather, platelets 
with minimal amounts of antibody attached appar- 


ently were rendered more susceptible to processes 


of m vivo sequestration, just as in the case of 
thrombocytopenia due to the antibody of quinidine 
(4). 


resistant to in vivo effects of anti-P1l“!, 


The observations that dogs are 
and that 


purpura 


dog C’ is not fixed as effectively as human C’ by 
this antibody system (Sections 9 and 11), indi- 
cate that C’ fixation may play a role in seques- 
tration of antibody-coated cells. 

The fact that a C’-fixing antibody is not de- 
monstrable in the usual case of idiopathic throm- 
bocytopenic purpura, by techniques used so far, 
does not conflict with the possibility that ITP is 
an immune disease. Analogies drawn from a 
study of quinidine purpura (4, 8, 9) made it pos- 
sible to explain the characteristics of ITP in terms 
of immunoreactions occurring at low levels of 
activity which could not be detected by usual in 
vitro techniques, and similar analogies can be 
drawn from the present study of post-transfusion 
purpura. Since drug purpura and post-transfusion 
purpura are due to immunization against foreign 
antigens and the mechanism of thrombocytopenia 
in both diseases appears to be similar, there is 
reason to believe that a variety of other foreign 
antigens may be identified as the underlying cause 
of a group of specific disorders falling within the 
syndrome of ITP. 

The ITP syndrome resembles a variety of other 
diseases in which an individual's own cells are 
injured or destroyed by apparent immune proc- 
esses (Zz. 40). 


tations of ITP can be duplicated by antibodies 


Demonstration that the manifes- 
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provoked by foreign antigens suggests that sensi- 
tization by foreign antigens may underlie other 


so-called “‘autoimmune” disorders. 


SUMMARY 


1. The clinical picture of post-transfusion pur- 
pura and a successful method of treatment was 
presented. 

2. An isoantibody provoked by a mismatched 
platelet antigen destroyed platelets in the sensitized 
individuals. It is proposed, as a mechanism of 
thrombocytopenia, that foreign antigen survives 
in vivo longer than the period of antibody induc- 
tion and that antibody, complexed with foreign 
antigen, is adsorbed by autologous platelets. 

3. Infrequency of purpura, despite frequent mis- 
match of platelet antigens in general transfusions, 
may be accounted for by various factors that affect 
development of antibody as well as survival of 
antigen in vivo. 

4. Experimental infusions of antibody indicate 
that thrombocytopenia can occur when im vivo 
concentrations of antibody are below levels detect- 


Mini- 


mal amounts of antibody and complement attached 


able by currently available in vitro tests. 


to platelets appear to increase their susceptibility 
to sequestration. 

5. Similarities which were found between the 
immunoreactions of post-transfusion and drug pur- 
pura permit interpreting the pathogenesis of idio- 
pathic thrombocytopenic purpura (and possibly 
other disorders thought to be “autoimmune”’) in 
terms of sensitization by foreign antigens. 

6. The antigen responsible for the disorder is 
inherited as a character dependent on a gene capa- 
ble of expressing itself in a single or double dose. 
A clear-cut proportionality between gene dose and 
quantity of antigen per cell was demonstrated. 

7. A uniform notation for platelet antigen sys- 


tems is proposed. 
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It is commonly assumed that one of the essen- 
tial functions of the kidney is to maintain acid- 
base balance by excreting an amount of acid 
equivalent to the net quantity of protons released 
from fixed (i.e., nonvolatile) endogenous acids. 
Excretion of acid in the urine is easily measured. 
Therefore, if the net rate of production of fixed 
acids could also be measured independently, it 
might be possible to evaluate the external acid 
balance of the body in the same manner as the 
In the 
normal steady state, the net excretion of acid in 


balance of mineral elements or nitrogen. 


the urine (titratable acid plus ammonium, minus 
bicarbonate) would be expected to equal the sum 
of the nonmetabolized acids ingested plus those 
endogenously produced. Except for clinical sit- 
uations in which stool losses of alkali or acid 
might also require consideration, all metabolic 
disturbances of the net acid-base balance of the 
body would thus be quantitatively determined by 
the difference between the acid ingested or endog- 
enously produced and that excreted in the urine. 

At present, however, there is no clear definition 
of all the sources of endogenous fixed acids nor 
does there exist any satisfactory method for ac- 
curately quantitating the net acid load independ- 
ently of measurements of renal acid excretion. 
It is sometimes assumed that it is the calculated 
“acidity” or “alkalinity” of the diet “ash”? which 
normally determines the endogenous load of fixed 
acids. This calculation, based simply on the dis- 
crepancy between mineral cations and the chlo- 
ride, phosphorus and sulfur of the diet, has the- 
oretical as well as practical defects (1-4), and 
does not in fact correlate well with the rate of 
acid excretion (5). 

Hunt has recently adduced evidence to support 

* Supported by Public Health Service Grant A-3140. 

+ Trainee of the National Institute of Arthritis and 
Metabolic Diseases. 


30, 1961; accepted March 24, 1961) 


his suggestion that acid derived from the oxida- 
tion of organic sulfur to sulfate constitutes the 
major, if not the sole, source of fixed acid (5). 
In subsequent experiments from this laboratory 
(6) a detailed study was made of the acidifying 
effects of large oral methionine loads. It was 
found that the increased oxidation of organic 
sulfur to sulfate was accompanied by the systemic 
release of approximately equivalent quantities of 
protons, which ultimately were excreted in the 
urine. In many of Hunt's experiments, however, 
net acid excretion in the steady state was signifi- 
cantly greater than the measured excretion of 
sulfate. In our own studies, in which a natural 
soy flour, rich in potassium, was employed as the 
nitrogen source, net excretion of acid in the steady 
state prior to loading with methionine always was 
found to be approximately 20 to 30 per cent less 
than the excretion of sulfate (6). It thus ap- 
peared that the net endogenous production of 
fixed acid could not be equated solely with sulfate 
production. 

The present study was therefore designed to 
investigate the normal sources of fixed acid more 
thoroughly. A new liquid-formula diet was de- 
vised which utilized a purified soy phosphoprotein 
virtually free of mineral cations. This made it 
possible to measure the acid contribution from the 
dietary protein more precisely. It was then found 
that the discrepancy between sulfate production 
and the excretion of net acid in the steady state 
could be quantitatively accounted for by the sum 
of the total organic acids in the urine plus the acid 
derived from the combustible cations neutralizing 
the phosphate groups in the protein fed. It was 
therefore concluded that the net production of 


endogenous fixed acids with the present diet was 


determined by the sum of: a) the oxidation of 


organic sulfur in the fed protein, )) the liberation 
of excess protons from the cations covering the 
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phosphate radicals in the protein, and c) the 


endogenous formation of unmetabolized organic 
acids. The existence of an apparent physiologic 
balance between acid excretion and the production 
of fixed acid measured in this way was also dem- 
onstrated in a few relatively prolonged balance 
studies in which predictable changes in acid bal- 
ance were temporarily induced by experimental 
alteration of the excretion or net production of 
acid, 

METHODS 


AND MATERIALS 


Ten balance studies were performed on 9 healthy young 
adult males. Liquid-formula diets were used which pro- 
vided 35 to 40 calories and 0.8 to 1.0 g protein per kg 
Corn oil, glucose and dextrin 


body weight per day. 


served as sources of fat and carbohydrate. A pure soy- 
bean protein was used as the protein source. According 
to the manufacturer, this protein! is essentially uniform 
by electrophoresis. It is virtually free of minerals other 
than phosphorus as shown by the following analyses: 
sodium, 1 mEq/100 g; potassium, 3 mEq/100 g; calcium, 

0.1 mEq/100 g; magnesium,? < 0.1 mEq/100 g; 
mEq/100 g; 17 


(0.53 per cent) 


chlo- 


ride, < 1 phosphorus, mmoles/100  g 
This protein was prepared at its isoelectric pH (5.0 to 
5.2) and does not disperse well in water. In 7 balances 
L-arginine (free-base), in quantities ranging from 25 to 
57 mmoles per day (0.46 to 0.64 mmoles per g protein), 
was used to raise the pH of the diet mixture to approx- 
imately 7.0 and thus effect dispersion of the protein. In 
one subject small amounts of ammonium hydroxide were 
used instead of arginine. In the remaining 2 balances the 
protein was dispersed by the addition of Ca(OH). and 
Mg(OH)., as described in the following paragraph. 
all of the 


Ca(OH), and Mg(OH),. were given, the calculated 


In studies except those two in which 


acid 
derived from the phosphoprotein was added to the acid 


production measured as urinary inorganic sulfate and 


organic acids. This calculation was made on the assump 
tion that the phosphate esters present in the protein were 
completely hydrolzed and the covering cations completely 
metabolized. Metabolism of an organic monophosphate 
ester does not necessarily yield protons. This result will 
depend upon the nature of the cationic group neutralizing 
At the isoelectric 
pH of the protein, phosphate groups are neutralized by 


the charge on the phosphate residues. 
protons or cationic amino groups. When arginine free- 
base or NH,OH is used to raise the pH of the isoelectric 
the the 
studies), the cations neutralizing the phosphate charges 


protein (as was case in 8 of present balance 


are combustible and hence metabolism of these cations 
will ultimately yield excess protons, just as if the isoelec- 


tric protein had been fed. In either case, the number of 


1“J-protein-100” kindly made available by the J. R. 
Short Milling Co., Chicago, Ill. 

* Magnesium analyses through the courtesy of Dr. W. 
Wacker, Peter Bent Brigham Hospital. 
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protons released can be calculated by knowing the num- 
residues present, the pK’ of the phos 
pH the 
reference to the excellular pH (7.40), each mole of phos- 


ber of phe sphate 


phate and the final of medium. Thus, with 
phorus fed would be expected to yield 1.8 equivalents of 
acid (pK,’ Ca(OH). or 
Mg(OH), is used to raise the pH of the protein, the 
or Ga**) 
combustible, and hence no protons will be released. 


of phosphoric acid=6.8). If 


is not 
In 
the two experiments in which Ca(OH). and Mg(OH). 


cation “covering” the phosphate (Mg*’ 


were given instead of arginine, the amount of alkali added 
was equal to the calculated excess of H* which is released 
if a combustible alkali such as ammonium hydroxide or 


Under 


these circumstances, therefore, the acidifying effect of the 


arginine free-base is used to disperse the protein. 


arginine phosphate or ammonium phosphate is avoided, 
the the 
residues contribute no endogenous acid. It 


and hydrolysis and metabolism of phosphate 


should be 
noted that, when arginine or ammonium phosphate is fed, 
it is not the phosphate residues but rather the combustible 
cations neutralizing these residues which give rise to the 
acid. Nevertheless, the quantity of acid so released can 
be calculated only from a consideration of the number of 
phosphate residues in the protein fed. (Any arginine or 
ammonia added to the phosphoprotein in excess of this 
number of residues does not give rise to acid.) Any non- 
combustible anionic residue on the protein would play the 
same role here as the phosphate, except that the pK of 
the residue determines what proportion of the protons 
yielded by metabolism of the combustible cations will 
continue to be held by the anionic residue at body fluid 
pH and what proportion will be given up to be handled 
by the physiological mechanisms for acid excretion. 

The soybean protein contained adequate amounts of all 
the that a 


supplement of 1 g of pL- or L-methionine was provided 


essential amino acids except methionine, so 


daily in the basic diets. In addition, 50 to 80 mEq of 
potassium chloride and 90 to 200 mEq of sodium chloride 
In 2 


mmoles per day of calcium phosphate (as CaHPO,) was 


per day were added to the diets. experiments 15 


also added. In these 2 studies correction was made for 
the alkali thus fed, arbitrarily assuming virtually com 
Each subject took 2 


plete absorption. multiple vitamin 
capsules daily and, to prevent diarrhea, they also were 
given small doses of deodorized tincture of opium. All 
stools were formed, but soft in consistency. 

Each study was preceded by a 2-day period of adapta- 
tion to the standard diet. The balance then began with a 
In 6 experiments only 


the other 4 


control period lasting 3 to 8 days. 
In 


by 


these control observations were made. 


studies the control period was followed an experi- 
mental period lasting 5 to 7 days during which the fol- 
lowing changes in the control regimen were made: a) 1 
subject received sodium bicarbonate, 70 mEq per day in 
divided doses, in addition to the control diet; b) 2 
(pH 7.40) 
orthophosphate, the phosphate mixture replacing a part 
diet, intake 
1 subject was 


sub- 
jects received oral loads of neutral sodium 


of the chloride in the control with sodium 
being kept at the control level; and c) 


given acetazolamide, 1.0 g daily in divided doses, in addi- 
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tion to the control diet. In each of these 4 studies the 
experimental periods were followed by recovery periods 
of 4 to 6 days’ duration. 

Further details of the balance technique in use in this 
laboratory, as well as descriptions of most of the methods 
used for the analyses of diets, urine, feces and blood have 
previously been reported (6, 7). In the present experi- 
ments “organic acids” in urine were measured by the Van 
Slyke and Palmer (8), modified as follows. 
Phosphate was removed by mechanical shaking for 30 
Remain- 


method 


minutes with added calcium hydroxide powder. 
ing carbonate was then eliminated by addition of HCl 
until the pH was exactly at 2.70. A Cambridge model R 
pH meter with dipping electrodes and a constant tempera- 
ture bath at 37°C was employed for this purpose. “Or- 
ganic acids” were then determined by titrating from pH 
2.70 to pH 7.40, with 0.1 N NaOH. Correction 
Additional techniques, used in a 


was 
made for creatinine. 
few studies, included: 
and Collip (9) and >) citrate, by a pentabromacetone 


method (10). 


a) calcium, by the method of Clark 


RESULTS 
I. Control observations during the steady state 
(ten subjects) 
A, Experimental data. 


were carried out in ten subjects under steady state 


Electrolyte balances 
conditions. In one, this period lasted only 3 days, 
and in another 5 days, but in the others the con- 
trol observations lasted 6 to 8 days. Complete 
analytical data from one experiment which began 
with a control period of 7 days are shown in 
Table I. 


nine, serum electrolyte concentrations and CO, 


In this study, as well as in the other 


content and blood pH were essentially constant 
during the control periods. As shown in Table I, 
the urine pH and the daily excretion of all urinary 
constituents were also relatively steady. Fecal 
excretion of sodium, potassium and chloride was 
low. Fecal calcium varied in six experiments 
from 10 to 27 mEq per day and fecal phosphorus 
ranged from 6 to 11 mmoles per day. 

Cumulative changes in weight were small and 
variable (—1.02 to +0.59 kg). 
and 


Small positive 


cumulative sodium chloride balances were 
noted in all subjects, consistent with the expected 
skin losses. Although not shown in the experi- 
ment of Table I, nitrogen balances were carried 

Cumulative nitrogen bal- 
1.5 to +3.3 g. 
uncorrected for 

109 mEq. 


calcium balance varied from —111 to +6 mEq, 


out in three subjects. 
ances ranged from Cumulative 
balances, nitrogen, 


—13 to 


potassium 


varied from Cumulative 


and cumulative phosphorus balance ranged from 
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—60 to +2 mmoles, the large negative balances 
resulting from stool losses in the subjects whose 
diets did not contain added calcium and _ phos- 
phorus. 

B. Derived data. 
acid (calculated as titratable acid plus ammonium 
minus bicarbonate) was approximately constant 


The daily net excretion of 


in every subject, as exemplified by the data in 
Table I, The 


excretion of inorganic sulfate was always less than 


in the column headed “net acid.” 


half the net acid excretion, but it was noted that 
in each case the discrepancy between sulfate and 


acid excretion was approximately equal to the 


total “organic acid” excretion plus the calculated 
acid derived from dietary protein phosphorus. In 
each subject there were significant daily fluctua- 
tions in this relationship, as illustrated by the data 
in Table I, but on a cumulative basis the excretion 
of net acid for the entire control period was al- 
ways very nearly equal to the sum of these three 
quantities. Table II presents a comparison of the 
cumulative excretion of net acid with the sum of 
excreted sulfate plus “organic acids” plus the cal- 
culated acid derived from the cation covering the 
phosphate residues in the protein. This compar- 
ison is made for the control periods only, in each 
of the ten subjects. The close agreement between 
acid excretion and production is apparent, the 
mean discrepancy —0.4+389 
This result is also illustrated in the data in three 


being per cent. 


individual subjects shown in the left-hand sections 


of Figures 1-3. An explanation of the design of 


these Figures is given below. 


TABLE II 


Comparison of net acid excretion (A) with the sum of urine 
sulfate and ‘‘organic acids,” plus calculated acid 
phosphorus from diet (B) during steady 
state control conditions 


Discrepancy 


\-—B 
(FF ) 


510 552 

548 629 

460 518 

350 342 

536 566 

328 344 

k 466 416 
VanQ, | 591 556 
LS* 540 193 
PVanO, 2* 633 589 


Mean+SbD 496 +98 500 +101 


* Dietary phosphorus neutralized by Ca(OH): and Mg(OH)2, hence 


not included in calculation of acid production (column B). 
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Il, Effects of experimental changes in net acid 
production or acid excretion 


If we assume the existence of a steady state of 
acid-base balance during the control periods, the 
data of Table II seem to imply that the only sig- 
nificant sources of endogenous fixed acid in these 
experiments were ihe protons released during: 
a) the oxidation of organic sulfur to sulfate, D) 
the generation of organic acids, and c) the com- 
bustion of the disposable cations covering phos- 
phate residues in the 
attempt to determine whether 


dietary protein. In an 
acid-base equilib- 
rium measured in this way could be demonstrated 
over even longer periods, and to ascertain whether 
induced changes in net acid production or excre- 
tion would have quantitatively predictable effects 
on this equilibrium, four additional experiments 
were carried out. 

In the first such ex 
sodium bicarbonate 


A, Sodium bicarbonate. 
periment, an amount of was 
administered which was equal to the estimated 
rate of acid production during the control period. 
The essential observations made in this study are 
summarized in Figure 1. In the upper half of the 
values for serum CO, 
In the lower half is 


figure are shown the con- 


tent and 24-hour urine pH. 
shown the “acid” balance, plotted in the conven- 
tional manner of an electrolyte or nitrogen bal- 
ance. Acid production, calculated in the manner 
already described, is plotted as a heavy line meas- 


Net 


excretion is measured upward from the line indi- 


ured downward from the zero axis. acid 
cating acid production (diagonally-shaded area). 
Thus, clear areas below the zero axis represent 
positive proton balance, and extensions of the 
shaded area above the zero axis define a negative 
proton balance. 

During the control period this study, the 
average acid production and excretion was ap- 
proximately 70 mEq per day and, as shown in the 
virtually 
Serum CO, content and blood pH were essentially 
constant, as was daily urine pH. After this, 70 
mEq of NaHCO, was added to the daily diet for 


7 days, as shown by the stippled area in the figure. 


figure, net proton balance was zero, 


Since the measured production of acid and the 
ingestion of protein phosphate remained virtually 
constant throughout the loading period, as shown 


by the dashed line, the net effective acid produc- 
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Fic. 1. NET 
CONTENT AND URINE PH IN A 
NaHCO, For 7 pays. In 
acid production is plotted downward from the zero line 


EXTERNAL ACID BALANCE, SERUM CQO, 


NORMAL SUBJECT GIVEN 


this and subsequent figures, 


and net acid excretion in the urine is plotted as a di- 


agonally-shaded column back up from the heavy line 


indicating acid production. Thus, a clear area below the 


zero line indicates a positive acid balance, and extension 
of the shaded area above the zero line indicates a negative 
acid balance. During the experimental period acid pro- 
to the 
net acid production is 70 
solid 
plotted upward from this 


duction is indicated by the dashed line but, due 
NaHCO,, 


mEq per day less than this, 


administration of 
as shown by the heavy 
line. Urine acid excretion is 
line. 

tion was zero during this time. This is indicated 


in the figure by the heavy line which is nearly 


superimposed upon the zero axis. Acid excretion 
is plotted upward from this heavy line. During 
the first 3 days cumulated net proton balance was 
—85 mEq, because acid excretion did not cease 
immediately. Thereafter, acid excretion was es- 
sentially zero during the last 4 days of the experi- 
mental period. The reduction in net acid excre- 
tion was mainly accounted for by reductions in the 
acid. Al- 
though urine pH rose to approximately 6.6, no 
of the 


excreted as 


excretion of ammonium and titratable 


more than 28 mEq per day administered 
load 


Serum CO, content rose slightly. 


bicarbonate was such in the 
urine. 

When the administration of sodium bicarbonate 
the net effective acid production 
but the 


days before 


was stopped, 
control, acid 


excretion remained low for 2 


immediately returned to 


more 


returning to the control rate. During this period 


the net retention of protons was 78 mEq, an 


amount closely approximating the net loss of 85 
mEq of acid which had occurred at the beginning 
At the end 


of the period of alkali administration. 
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of 19 days, when serum CO, 


pH had returned to control, the total cumulative 


production of fixed acid (corrected for the bicar- 
fed ) 
cumulative net acid excretion of 806 mEq. 

B. Neutral orthophosphate. The 


these two experiments was to increase acid excre- 


bonate was 827 mEq, as compared with a 


purpose of 


tion without changing acid production. This was 
accomplished by the administration of extra urt- 
nary buffer in the form of neutral inorganic phos 
phate. If measured acid production were to re- 


main constant, this should result in a negative 
proton balance and the development of metabolic 
alkalosis. Furthermore, we would expect restora- 
tion of acid-base balance after cessation of phos- 
phate loading to be accompanied by a demon- 
strably positive proton balance of approximately 
equal magnitude. 
Subject TW (Table 
(No. I, 4 


Figure 2 
tral (pH 7.40) sodium orthophosphate 


[) and Subject P VanO 
) were given oral loads of neu- 


for 5 days, 


the phosphate replacing part of the chloride in the 


control intake and the sodium intake remaining 


constant. After control periods, in which acid 


production and excretion in both studies were 


approximately equal, the phosphate load resulted 
in net acid excretion. 
to 


in an immediate increase 


The 


increased 


in acid excretion was due 
titratable I), 
curred despite a rise in urine pH and a reduction 


rise entirely 


acid ( Table which Oc- 
in ammonium excretion. 
Since there was no significant change in calcu- 


lated acid production, the initially increased ex- 


P von 0.,*1, d, Normal 
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PHOSPHATE ON NET EXTERNAL SERUM CO 
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ACID BALANCE, 


CONTENT AND URINE 


DWARD J. 


content and urine 
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cretion of net acid resulted in a negative acid 


of acid during the 

TW —112 
As would be predicted, there 
CO, 
the final level being approximately 3 mmoles per 


TW 


balance. Cumulative balance 


loading period was —66 mEq and 
mEq in P VanO. 
in serum content in both cases, 


was a rise 


lL. above control and 5 above control in 
P VanO. 

When phosphate loading was stopped, urinary 
excretion of phosphate immediately returned to 
the of the 
pH somewhat 


ammonium 


control. For first 2 days recovery 


period urine remained elevated 


and excretion was slightly reduced. 


Therefore, net acid excretion dropped sharply and 
acid balance became positive. Cumulative reten- 
tion of acid during the recovery period was +106 
1 TW and +48 mEq P VanO. 


CO, returned to control values and approximate 


mleq Serum 
equilibrium between production and excretion of 
the 
cumulated acid production in 


acid was ultimately restored. For entire 


period of study, 
TW was 1,421 miq and cumulated excretion was 
1,342 mkq. the 5) 


other (Figure 2 
total production was 1,618 mEq and total excre- 


In subject 
tion 1,693. 

C. Acetazolamide. This experiment. was de- 
signed to reduce renal excretion of acid without 
altering acid production. After a control period, 
the 


four times daily 


subject was given 250 mg of acetazolamide 
by mouth for 7 days. Adminis- 


tration of the drug produced a large diuresis of 
net acid excretion was 
3). 


figure by the dotted bar extend- 


bicarbonate, and therefore 


negative on the first day (Figure This is 
illustrated in the 
ing in a downward, or negative, direction from the 
level of acid production. Net retention of acid on 
this day was +226 mEq, and during this time 


CO, 31 to 24 


With continuing administration of drug, 


serum content fell from mmoles 
per L. 
and net excretion of 


bicarbonate diuresis waned, 


acid became positive. However, acid balance con- 
tinued to be slightly positive for the next few days 
content continued to fall slightly, 
of 


During the last 2 days of treatment the 


and serum CO, 


reaching a minimal level 21 mmoles per L. 


average 
acid balance was virtually zero and there was no 
further fall in serum CQO, content. 
On cessation of drug, excretion of net acid in- 
creased and exceeded acid production. Thus, 


during the last 4 days, acid balance was markedly 
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THE EFFECT OF ADMINISTRATION OF ACETAZOL- 


EXTERNAL ACID BALANCE, SERUM CQO 


CONTENT AND URINE PH. On the first day of drug ad- 
ministration net acid excretion was negative, due to the 
loss of urinary bicarbonate. This is plotted as a dashed 
line downward from the heavy solid line indicating acid 
production. The net positive acid balance on that day is 
represented by the total distance between the dashed line 
and the baseline. 
negative and serum CQO, content was _ rising 
steadily. 

On the fifth day of recovery the subject devel- 
oped a gastroenteritis, and the study had to be 
state of acid-base 
At this time the 


cumulative acid production for the total balance 


terminated before the control 
equilibrium could be restored. 


was 1,340 mEq, as compared with a cumulative 
acid excretion of 1,259 mEq. The net balance of 
acid was therefore +81 mEq; the final serum CO, 
content was 28.2, as compared with the two final 
control values of 31 mmoles per L. 


DISCUSSION 


Most authorities assume that endogenous acid 
production results largely from the oxidation of 
organic sulfur- and phosphorus-containing com- 
pounds to inorganic sulfate and phosphate (11, 
12), but until the recent study by Hunt (5) there 
had been no attempts at quantitative verification 


of any part of this hypothesis. Using various 


ACID PRODUCTION AND NET 
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types of natural diets, Hunt found that net excre- 


tion of acid could be mainly accounted for by 
inorganic sulfate but observed no correlation be- 
tween acid excretion and dietary phosphorus. He 
therefore suggested that endogenous acids arose 
almost entirely from the oxidation of sulfur ; how- 
ever, in several of his experiments sulfate was 
significantly less than net acid excretion. This 
discrepancy would have been even greater had the 
determination of “titratable acidity” been carried 
to the usual endpoint of pH 7.4 instead of to pH 
7.0. 


therefore remained to be identified. 


A significant fraction of acid production 


Recent experiments in this laboratory (6) have 
provided more direct quantitative evidence for the 
relationship of the oxidation of organic sulfur to 
fixed acid production. The results differed from 
those of Hunt in revealing the excretion of sulfate 
in the steady state to be significantly greater than 
the net excretion of acid. The explanation prob- 
ably resided in the fact that the natural soybean 
flour used in those initial experiments contained 
potential alkali in the form of potassium, calcium 
and magnesium salts of the carboxyl groups in the 
protein. Since virtually all natural foods can be 
expected to contain variable and probably indeter- 
minate quantities of “hidden alkali” in the form of 
such salts of metabolizable anions, it was decided 
to restudy the problem in the experiments re- 
ported here, with a synthetic diet and a protein 
source essentially free of fixed cation. 

The present results indicate that less than half 
of net acid excretion in the steady state was due 
to oxidation of sulfur. The discrepancy could be 
almost quantitatively accounted for by the total 
organic acids in the urine, plus the calculated acid 
derived from the protein phosphorus in the diet. 
This seems to imply that under these experimental 
conditions the only significant sources of endog- 
enous fixed acid were the protons released during : 
a) the oxidation of organic sulfur to sulfate (6), 
b) the generation of nonmetabolized organic acids, 
and c) the combustion of the disposable cation 
neutralizing phosphate residues in the dietary 
protein. 

In the classical descriptions of the “acid-base” 
balance of the urine, organic acid anions were con- 
sidered to represent “acid,” but only in the sense 
that all anions were defined as “acids” and all 


cations as “bases” (13, 14). Such an approach 
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does not permit calculation of the actual net rate 
of fixed acid production and cannot logically be 
applied to a description of the acid balance of the 
body 5S. 4, 3). 
certain abnormal states, such as diabetic ketosis, 


It is well recognized that in 


endogenous production of organic acids consti- 
the 


present experiments, however, the special signifi- 


tutes a major source of the acid load. In 


cance of urinary organic acids as one of the major 
sources of normal endogenous release of protons 
is clearly demonstrated. It seems reasonable that 
they should have this significance, for the organic 
acid anions normally appearing in the urine 
must represent acids produced during metabolism, 
which escape complete oxidation to CO, and H,O 
and which therefore must have donated their 
protons to body buffers. 

It should be noted that the relatively small frac- 
tion of excreted organic acids which appears in 
the urine as free acid (i.e., that fraction which is 
titrated between the pH of urine and the pH of 


plasma) does not contribute its protons to the 


body, and properly should be subtracted from the 


determination of ‘organic acids” in the calcula- 
tion of acid production; but, since this free acid 
fraction is also measured in the determination of 
titratable acidity, net acid excretion by the kidney 
is overestimated by the same amount, and thus the 
calculation of net proton balance is unaffected. 
The Van Slyke and Palmer titration is not a 
precise method and certainly does not measure 
It includes not only 
the 
total measured value) but also small quantities of 


organic acids alone (8). 


creatinine (which must be subtracted from 


amino acids and sulfate. The apparent pK for 
the carboxyl groups of the various amino acids 
ranges from approximately 1.8 to 2.4. Assuming 
normal urinary excretion of amino acids (up to 
15 mmoles), partial titration of these carboxyl 
groups might overestimate organic acids by as 
much as 5 mEq per day. Since the apparent pK. 
for sulfuric acid is approximately 1.7, some 10 per 
cent of the urinary sulfate would also be titrated 
between 2.7 and 7.4, and in the present studies 
this would tend to overestimate organic acids by 
another 2 to 4 mEq per day. On the other hand, 
it has been reported (and we have confirmed) 
that nearly half of the urinary citrate may be lost 
during the “organic acid” titration, as a result of 


precipitation with calcium (16). During two of 


EDWARD J. 


# 
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the present studies urinary citrate was found to 
range from 5 to 8 mEq per day, and it can there- 
fore be estimated that the Van Slyke and Palmer 
titration probably underestimated citrate by about 
2 to 4 mEq per day. 

Considered together, all of these small errors in 
both directions tend approximately to cancel each 
other out. Although there are probably other 
sources of minor error in the method which have 
not been discussed, it appears that under the pres- 
ent conditions the Van Slyke and Palmer titration 
provides an approximate but reasonably satisfac- 
tory estimate of the contribution of organic acids 
to the generation of fixed acid. It is worth noting 
this that the diet of 


natural foods containing organic acids the rela- 


in context when consists 
tionship of these compounds to net acid produc- 
tion may become considerably more complex than 
that described here. Neutral salts of metaboliz- 
able acids would cause removal of hydrogen ions 
from the body and thus would reduce net acid 
production without affecting the organic acid out- 
On the other hand, salts of 


put in the urine. 


noncombustible acid (e.g., benzoic or tartaric) 
would not affect acid production although they 
might well increase the total measured excretion 
of organic acids in the urine. Such considerations 
emphasize the importance of the synthetic diet in 
providing the conditions necessary for the accu- 
rate determination of net endogenous acid pro- 
duction. 

In the present studies the presence of phosphate 
residues in the dietary protein appeared to be 
responsible for the third component of endogenous 
Previous opinion on the role of 
Most 


had as- 


acid production. 
phosphorus in acid production has varied. 
14) 


sumed that all dietary phosphorus contributed to 


of the earlier authorities (1, 2, 11 
acid production. More recently, however, Hunt 
(5), Christensen (4, 15) and others have pointed 
out that, since most phosphorus in natural foods 
exists already oxidized as the potassium, mag- 
nesium, calcium or sodium salts of organic phos- 
phoric acid monoesters, hydrolysis of such esters 
would result in the formation of essentially neutral 
inorganic phosphate with no liberation of protons.* 


> Since organic phosphate monoesters in proteins prob 
ably have slightly lower pK’, values than inorganic phos- 
phate (17) 
probably have a slightly alkaline effect. 


the cleavage of such neutral esters would 
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The metabolism of phosphodiesters might be ex- 
pected, on the other hand, to yield phosphoric 
acid. However, in most diets diester linkages 
would occur relatively infrequently and would not 
often make a significant contribution to acid pro- 
duction. In support of such reasoning, Hunt re- 
ported that he was unable to observe any constant 
relationship between dietary phosphorus and uri- 
nary excretion of acid. 

In the experiments reported here, the only 
source of dietary organic phosphorus was the 
purified soy phosphoprotein which was virtually 
free of inorganic electrolytes. In contrast to the 
situation prevailing in most natural foods, the 
phosphate residues in the soyprotein used in eight 
of the ten balances were neutralized by combus- 
tible cations in the form of arginine (R-NH,,*) or 
ammonium. Such cations, when metabolized, ul- 
timately must yield protons (see discussion in 
Methods). In calculating the acid contribution 
from this source, it was assumed that metabolism 
and hydrolysis of dietary protein was complete 
and that the liberated phosphate residues were 
titrated to a pH of 7.4. 
were at least approximately true is indicated by 


That such assumptions 


the reasonably close agreement of acid excretion 
with the total acid production calculated in this 
manner (Table II). 

The observations made during the course of the 
four relatively prolonged balance studies merit 
some final comment. 
ment, the prompt fall in renal acid excretion to 
very close to zero levels (Figure 1) provides 
strong support for the idea that Subject GdeF 
was in fact in acid-base equilibrium prior to the 
In the two phosphate experi- 


In the bicarbonate experi- 


bicarbonate load. 
ments a similar conclusion may be drawn from the 
fact that relatively small increments in net acid 
excretion were promptly followed by rises in 
serum CQO, content. The fact that adjustments 
in renal acid excretion following the bicarbonate 
or neutral phosphate load resulted in a final cum- 
ulative equality between calculated acid produc- 
tion and acid excretion in the urine is also of great 
interest, for it tends to indicate that administered 
or endogenous acid or alkali is not ordinarily 
excreted in significant quantities by any extra- 
renal route, such as the stool. A similar conclu- 
sion follows from the fact that essentially all of the 
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extra endogenous acid derived from methionine 
could be recovered in the urine (6). 


In all of the prolonged balance studies, the ob 


served relationships between acid balance and the 
serum CQO, content were entirely consistent with 
what would be expected from the interplay of two 
physiological variables such as acid production 
and excretion. Thus, whenever the net excretion 
of acid exceeded the calculated rate of production, 
serum CO, content tended to rise and, conversely, 
whenever production exceeded excretion, the CO, 
content fell. 

In an earlier study of normal subjects given an 
acute acid load (18), it was demonstrated that 
calculation of acute changes in net acid balance 
was feasible, assuming a constant, though un- 
The 


present results appear to offer a technique for 


known, rate of endogenous acid production. 


measuring the actual net balance of protons and 
therefore may permit study of the absolute gain 
or loss of hydrogen ions under a variety of experi- 
mental and clinical situations. The method re- 
quires, however, that the subjects be in approx- 
imate nitrogen equilibrium, because catabolism of 
tissue protein would present difficulties in calcu- 
lation of acid production similar to those already 
described with the use of natural dietary protein. 


SUMMARY AND CONCLUSIONS 


The purpose of this study was to determine 
whether it was possible to measure the total 
endogenous production of fixed acid and, by com- 
paring this independently determined quantity 
with the net renal excretion of acid, to measure 
the net external acid balance of the body. 

In a series of ten balance experiments, normal 
subjects in an apparently steady state were fed a 
liquid-formula diet which had as the nitrogen 
source a purified soy phosphoprotein essentially 
free of mineral cations. It was demonstrated that 
the net renal excretion of acid was closely matched 
by the sum of: @) inorganic sulfate in the urine, 
b) total “organic acids” in the urine, and c) the 
acid calculated to be released by the metabolism of 
the combustible cationic groups covering the phos- 
phate residues in the dietary phosphoprotein. In 
three experiments net production or excretion of 
acid was temporarily altered and, at the end, when 
a steady state had been restored, the equivalence 
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of cumulated acid excretion with the cumulated 
production of acid could again be demonstrated. 

These observations are taken to mean _ that, 
under the present conditions, the total net produc- 
tion of fixed acid arose from the oxidation of 
organic sulfur, plus the production of nonmetab- 
olized organic acids from neutral precursors, and 
the release of protons during the metabolism of 
the organic cations neutralizing phosphate esters 
or during the hydrolysis of phosphate diesters in 
the dietary phosphoprotein, or both. However, 
when noncombustible cations neutralize the phos- 
phate residues, no acid production can be at 
tributed to the presence of phosphate monoesters 
in the protein. 

The relationship between acid production meas- 
ured in this way and the renal excretion of acid 


appears to be that of a true physiological equilib- 


rium. Provided that body composition remains 
relatively constant during the period of study, it 
should be possible to apply this technique to the 
direct measurement of the external balance of 
acid under a variety of experimental and clinical 
conditions. 
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There is a growing interest in the pathogenesis 
and treatment of endotoxin shock as this type of 
shock becomes increasingly important in medical 
and surgical practices (1-4). Recent work has 
described the hemodynamic effect of endotoxin in 
the dog which is characterized by a sudden and 
severe hypotension following administration of a 
lethal dose of endotoxin (5,6). Previous reports 
from this laboratory (7-10) have extended the 
earlier observations, and specific attempts have 
been made to gain an understanding of the basic 
mechanisms underlying the development of the 
irreversible phase of this type of shock (9-16). 
studies has ascertained 


An extension of these 


the degree of species variation in endotoxin 
shock (17, 18), and major differences have been 
noted between the hemodynamic responses of the 
dog and monkey. 

Recent reports have suggested the prominent 
role of histamine in endotoxin shock in animals 
other than the primate (14, 19-23). 


of histamine in anaphylaxis has also been de- 


The release 


scribed (24, 25) with similarities noted between 
the vascular actions of histamine and endotoxin 
(8-10, 13, 26-31). 
(20, 21) has indicated an increase in histidine 


A recent finding by Schayer 


decarboxylase activity after endotoxin administra- 
tion and in other forms of stress. 

The purpose of the present investigation was to 
assess a variety of changes in the monkey, previ- 
ously demonstrated in other species after endo- 
toxin administration. Of primary interest are 
changes in blood histamine and histidine and the 
ultimate effects of their release in the primates. 


Results of this study confirm the view that his- 


tamine plays a crucial role in shock due to endo- 
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toxin and extend the suggestions of Schayer to 
include the basic mechanism of histamine release. 


METHODS 


Eight adult male and female monkeys of the Cynop- 
y {tys ( Sooty 
present investigation. 
11.0 kg and 
first anesthetized with ether followed by a suitable intra- 
( Nembutal). 


The amount of Nembutal required to sustain anesthesia 


ithecoid group, Cercocebus  torquatus 


Mangabey) were used in the 


Animals weighed between 5.7 and were 


venous injection of sodium pentobarbital 
varied so that animals were maintained between planes 1 
and 2 of the surgical stage by appropriate administration 
of the anesthetic. Blood samples from 6 monkeys were 
obtained from a catheter inserted into the femoral vein 
and advanced to the inferior vena cava. Estimations for 
blood histamine 1 and histidine 2 were carried out and the 
procedures for the analyses have been described (14, 19). 
The following blood determinations were made in 4 an 
imals before and after endotoxin administration: platelet 
and white blood cell counts (32, 33), blood-urea-nitrogen 
(BUN) (34, blood (36). Mean 


systemic arterial blood pressures were recorded by means 


35), and creatinine 
of a Statham strain gage, and registered on a Sanborn 


direct-writing recorder. Determinations of hematocrits 
and blood pH were carried out on most animals coin- 
cident with electrocardiograph and heart rate recordings 
in several experiments. In 2 animals the following pa- 
rameters were determined: mean systemic arterial pres- 
sure, portal venous pressure, heart rate, hematocrit and 


blood pH. Lethal Escherichia 
(Difco), 5.2 to 13.0 mg per kg (average, 8.9), were intra- 


doses of coli endotoxin 
venously administered after sampling of blood for control 
determinations. All animals were dead within 30 hours 
(average, 6 hours) after endotoxin injection with the ex- 
ception of Monkey 7 which was sacrificed at approximately 
13 hours. Gross autopsies were made immediately after 
death and a variety of tissue samples was taken for 


histological analysis. 
RESULTS 


Figure 1 illustrates changes in mean systemic 
arterial blood pressure, hematocrit, blood pH, his- 
tidine and histamine following injections of lethal 
doses of endotoxin in six monkeys. There was a 
variable effect on blood pressure, with all animals 

1 2-(4-Imidazoly]) -ethylamine 


2 q@-Amino-4 (or 5) -imidazolepropionic acid. 
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HISTAMINE RELEASE 


AND ENDOTOXIN SHOCK IN 


THE PRIMATI 


TABLE I 


Platelet and white blood cell counts, blood-urea-nitrogen and blood creatinine 
determinations in four monkeys given lethal doses of endotoxin 


Monkey 


Determination Control 0-60 


Platelets/mm* 224,000 
196,000 

88,000 
234,000 


114,000 
56,000 


108,000 


White blood 


cells/mm? 


11,800 
14,600 
27,500 
17,750 
BUN : 9 
(mg%) 11 

8 

14 
Blood creatinine ; 0.7 
(mg%) 1.6 
0.9 
1.2 


* Death occurred during this time interval. 


eventually becoming hypotensive within 8 hours 
after endotoxin. Hematocrits showed a steady 
decline except in Experiment 1 in which an early 
fall was followed by a return to the control value. 
The progressive development of acidosis was evi- 
dent in most animals after endotoxin. Changes in 
blood histidine were variable, in most instances 
showing a significant rise above control values. 
All experiments demonstrated large increases of 
blood histamine, which became evident within the 
first hour after endotoxin injection. 


TABLE 


Blood pressures, heart rates, hematocrits and pH determinations 


Monkey 


Measurement no. Control 0-15 


Mean systemic arterial : 100 
blood pressure ; 
(mm Hg) 


Portal venous pressuret 
(mm Hg) 


Heart rate 
(beats/min) 


Hematocrit 


Blo« dd pH 
43 


* Death occurred during this time interval. 


Time post endotoxin in minutes 


60-120 120-180 180-270 270-420 420-560 
36,000 
96,000 * 
34,000 17,000* 
* 


118,000 


32,000 


1,400 1,600 
« 


2,300 
10,000 


+ 350* 
4,050 + 


16 
10 
17 


Table I gives the values for platelet and white 
blood cell counts, BUN and creatinine for four of 
the six animals reported in Figure 1. There are 
marked decreases in platelet and white cell counts 
in all monkeys, although the time after endotoxin 
injection during which the lowest values were 
observed was variable. Significant increases in 
BUN and creatinine were observed in all animals 
within 1 to 2 hours after endotoxin administration. 

Figure 2 designates the changes in a variety of 
parameters in Monkey 3. Steady decreases in 
IT 


in two monkeys given lethal doses of endotoxin 


Time post endotoxin in minutes 


30-120 120-240 250-480 480-780 


87 124 117 


t Portal venous pressures indicate maximal readings for the time indicated. 
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Histological findings in five monkeys given lethal doses of endoloxin 


Organ 


\drenal Marked congestion 


G.I. tract N* 


Heart Small vessels engorged ; 


one small area of hemorrhage 


Marked capillary and glo- 
merular engorgement; in 
some tubules cells swollen, 
cytoplasm fluffy 


Kidney 


Congested; no cellular al- 
terations 


Lung Patchy cellular infiltrate 
Pancreas 


Spleen Congested 


lime of death post 

endotoxin (min 
Dose of endotoxin 
mg/kg) 


* Normal. 


mean arterial pressure, blood pH and hematocrit 
are observed after injection of endotoxin. Sudden 
decreases in platelet and white cell counts are 
noted, while the blood levels of creatinine, BUN, 
increases 
The 


minutes 


histamine and histidine show marked 
during the 10 hour postendotoxin period. 
electrocardiograph was normal until 622 
after endotoxin, just prior to death. 
Table II lists a number of changes in two mon- 
keys after administration of endotoxin. Animal 7 
did not become hypotensive during the entire pe- 
riod of observation and was subsequently sacri- 
ficed. The second monkey exhibited a progres- 
sive decrease in arterial blood pressure with death 
occurring at approximately 7 hours. Portal ve- 
nous pressures changed very little during the 
postendotoxin period. A progressive decrease in 
heart rate of Animal 8 was evident as hypotension 
developed. <A slight degree of hemoconcentration 
was seen in Monkey 7, although changes in hem- 
atocrit in the second animal were negligible. A 
significant decrease in pH occurred in Monkey 8&. 
All of the electrocardiograms were normal until 
just prior to death when the systemic blood pres 


sure was extremely low. 


Monkey no. and sex 


2 4% 3 


N 
N 
N 


Early tubular 

epithelial de- 

generation 

predominantly 

in cortical 

region 

N Multiple foci 

round cell 
infiltrate, 


old 
N 
N N 
N N 
1,600 
(est. 


= 


The 


shown in 


results of the sections 


Table III. 


sections of Monkey 1 may be associated with 


histological are 


The differences seen in the 


respiratory difficulty and cyanosis, noted after in- 


duction of anesthesia, which were corrected by 
intubation and aspiration of pulmonary secretions. 
No other consistent histologic changes were noted 
except those observed in the kidneys of two 


animals. 
DISCUSSION 


Role of shock, The 
large increases of blood histamine reported in the 


histamine in endotoxin 
present study may account for the progressive 
development of systemic hypotension observed in 
An 


increased blood level of histamine could act on the 


the monkey given a lethal dose of endotoxin. 


peripheral vasculature to effect a decrease in the 
total peripheral resistance. Vascular resistance is 
known to decrease in various vascular beds of the 
The 
present findings give further support for the role 
ZL): 


The mechanism of histamine release in endo- 


dog (9, 10) after the injection of endotoxin. 


of histamine as a ‘“‘shock toxin” (20, 


It has recently been proposed by 


toxin shock. 





HISTAMINE RELEASE AND ENDOTOXIN 


(20, 21) that the rate of histamine 


synthesis is accelerated in endotoxin shock be- 


Schayer 


cause of the increased activity of histidine decar 
boxylase. The findings of the present study 
extend his view to account for the increase in 
histamine on the basis of a rise in histidine, which 
supports the concept that endotoxin induces new 
histamine synthesis. Previous work in dogs (19) 
has indicated that the progressive increase of the 
histamine: histidine ratio is related to the relative 
rates of formation, conversion and destruction of 
the two components in question. It is possible 
that a rise in plasma histamine has resulted be- 
cause of the marked decrease in the numbers of 
circulating platelets and white blood cells (37, 
38). Similar decreases have been reported in the 
dog administered endotoxin (22) and in various 


(39-41). 


Histamine may possibly be released from the 


forms of shock in man and animals 
bound form in whole blood to the circulating form 
in plasma (25, 42), and from tissue such as 
muscle (43) or lung (44), or from various other 
sources (37). 

Species variations in endotoxin shock. Major 
differences have been noted between the hemo- 
dynamic responses (1, 17, 18) and _ histological 
findings (1) of the dog and monkey after injec- 
tions of lethal doses of endotoxin. The gradual 
fall in systemic arterial pressure, the small in- 
crease in portal venous pressure and the post- 
mortem tissue findings in the present series of 
monkeys were similar to those in monkeys of a 
different species (1, 18). These findings are in 
marked contrast to those observed in dogs (5, 6, 


45). 


key to man gives added interest to the observa- 


The relative phylogenetic proximity of mon- 
tions of gross species differences. The common 
hemolysis and hemoconcentration in dogs given 
(18, 26-28) 


apparent in the monkeys of the present study. 


lethal doses of endotoxin were not 
No cardiac abnormality was observed in the mon- 
keys’ electrocardiographic tracings until just prior 
to death, this observation being similar to that of 
dogs (6). 

Correlation with human bacteremic shock. Case 


studies of bacteremic shock in man have been 


reported (2-4). 
the monkeys of the present study and those in 


Similarities in the findings of 


man are evident. Kidney disturbances have been 


reported in man after infections due to gram- 


SHOCK IN THE PRIMATE 1635 


negative bacilli (2, 3). Renal dysfunctions have 


included anuria, oliguria, hematuria and uremia 


which are usually conceded to be precipitated by 


the effects of systemic hypotension and conse- 
quent renal ischemia (4). Findings suggestive 
of ischemic changes in the kidneys were noted in 
the present study, and this observation is con- 
sistent with changes seen in human bacteremic 
shock (1-4, 46-48). 
blood creatinine and BUN in man and monkey 
that both. 
Other similarities noted were changes in hem- 


The finding of an elevated 


suggests renal failure is common to 


atocrit and blood pH. Further basic and clinical 
investigations are needed to provide a more thor- 
ough understanding of the intimate mechanism of 


bacteremic shock. 
SUMMARY 


The increasing interest in the pathogenesis and 
treatment of endotoxin shock has prompted the 
present investigation. Eight monkeys were given 
lethal doses of endotoxin and a number of param- 
eters studied. Results indicate the prominent role 
of histamine in endotoxin shock and extend the 
suggestions of Schayer to include the basic mech- 
anism of histamine release. Species variations 
were noted which stress the importance of the 
close phylogenetic proximity of monkey to man. 
Relationships between human and experimental 


bacteremic shock have been indicated. 
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CORRECTION 


On page 1133 of the article entitled “Inhibition of L-Thyroxine 
Monodeiodination by Thyroxine Analogs” by Frank C. 
and Edwin C. Albright (J. clin. Invest. 1961, 40, 1132), three 
molar concentrations were omitted from Table I. 


Larson 


The subhead 


ings for columns 1, 2 and 3 of the table under the heading, “Per 
cent inhibition with increasing molar concentrations,” should have 
been “10-7, 3 X 10-7 and 10°,” respectively. 
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nonbacterial 
with the 


The etiology of those cases of 


pneumonia that cannot be associated 
viruses of psittacosis and influenza, adenoviruses, 
or other well delineated agents, and in which cold 
hemagglutinins or streptococcus MG agglutinins 
often develop, has been a controversial subject. 
The possible role in this disease of an agent iso- 
lated by Eaton, Meiklejohn, van Herick and 
Talbot in 1941 from patients with primary atyp- 
ical pneumonia (1) has been difficult to evaluate 
because of the agent’s limited host range and 
technical problems in performing specific serologic 
tests with it. Eaton’s agent can be propagated in 
embryonated hens’ eggs, as demonstrated by pro- 
duction of pneumonia on passage to cotton rats 
(2), but produces no apparent pathologic change 
in the chick embryo (2, 3). Using a modification 
of the fluorescent antibody technique of Coons 
and Kaplan (4), Liu, Eaton and Heyl have pro- 
vided both a means of localizing the antigens in 
the chick embryo and a method by which sera can 
antibodies 


be examined for fluorescent-stainable 


to Eaton’s agent (3,5). Additional isolations of 
aton’s agent from patients and demonstrations 
of fluorescent-stainable antibodies to it have been 
reported by Cook (6) and Chanock (7) and their 
associates, confirming and extending the observa- 
tions of Eaton and Liu. The specificity of this 
fluorescent antibody reaction in terms of the etiol- 
ogy of the disease has been questioned (8), how- 
ever, since patients with primary atypical pneu- 
develop a number of nonspecific 


monia may 


* This investigation was conducted under the sponsor- 
ship of the Commission on Acute Respiratory Diseases, 
Armed Forces Epidemiological Board, and was supported 
in part by the Office of The Surgeon General, Depart- 
ment of the Army, and by a grant from the Robert 
Hamilton Bishop, Jr., Endowment Fund. 

+ This investigation was carried out during the tenure 
of a Postdoctoral Fellowship from the National Institute 
of Allergy and Infectious Diseases 


University and the University Hospitals, Cleveland, Ohio) 


accepted March 17, 1961) 


serologic responses (9-15). Primary atypical 
pneumonia produced under experimental condi- 
tions in man would provide an ideal situation for 
comparison of these various serologic tests. 

In 1944 the Commission on Acute Respiratory 
Diseases of the Armed Forces Epidemiological 
Board performed studies on the transmission of 
primary atypical pneumonia to human subjects, 
using sputa and throat washings from patients 
(16a-d). 


distinct 


with the characteristic syndrome 


Among the volunteers inoculated, two 


disease patterns were induced: 7) an illness with 
constitutional symptoms and physical and_ roent- 
genographic findings of primary atypical pneu- 
monia, and 2) a minor respiratory illness with 


minimal constitutional symptoms and_ physical 


findings but without pulmonary infiltration. Two 


similar experiments were performed, those men 
developing primary atypical pneumonia in the 
first experiment serving as donors of inocula for 


the second. Most of the cases of primary atypical 


pneumonia and a few cases of the milder respira- 


tory illness were associated with rises of cold 


hemagglutinins. The study suggested the pres- 


ence of a filtrable, transmissible agent associated 
with the induced disease, but none was isolated 
by methods then available. 


Further information on the association of 


Eaton’s agent with human disease has _ been 


afforded by application of Liu’s techniques to 


preserved sera from participants in the above 


transmission studies. Significant rises of fluores- 


cent-stainable antibodies to Eaton’s agent oc- 
curred in the majority of inoculated volunteers’ 
sera. The data obtained are presented in this 
report. 


MATERIALS AND METHODS 


(17) 


was used throughout the experiments, and seed material 


Eaton’s agent. The Mac strain of Eaton’s agent 


was kindly supplied in the form of infected chick embryo 


1638 
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FABLE I 


Summary of clinical and serological data, first primary atypical pneumonia volunteer experiment 


Serological data 
Fluorescent-stainable antibody 


Postinoculation 
Incu- 
bation 
period} 


Disease 


inducedt 


severity ol 
illness 


Cold hemagglut. Day 

Inoculum max. titers)§ re liter bled 
days 

Untreated 


ns 
a 


Severe 
Mild 
Mild 
Mild 
Mild 
Mild 
Mild 
Mild 
Mild 
Mild 
Moderate 
Moderate 


—- + CO 


Se WwW Wwre ee 
Hr re RK OOUWe Oo 
a 

mS KOM RW 


Filtered 


Moderate N.A. 
10 
10 

<10 

< 10 

Severe ‘ <10 

Moderate <8 <10 

Mild <8 <10 

Mild <8 N.A. 

Mild <8 <10 

Mild <10 

Mod. severe 56* <10 
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* Case numbers refer to those from the original volunteer experiments (Ref. 16a-d). 

+t Diseases: PAP = primary atypical pneunonia; MRI = minor respiratory illness ; 

t Time between inoculation and first symptoms. 

§ Maximal cold hemagglutinin titer obtained in weekly tests after inoculation; pre-inoculation titers all <8 unless 
otherwise specified. 

| N.A. = sera not available. 

*{ Donors of inocula for the second volunteer experiment. 

** All these cases developed streptococcus MG agglutinin titers of 32 (from 

tt Titrations performed by Dr. C. Liu. 


0= no illness (see text) 


lung suspension by Dr. Chien Liu. The agent was prop- trachea of each were removed aseptically. Tissues were 


agated by amniotic stab inoculation of 14-day old chick 
embryos with 0.2 ml each of a 1:5 dilution of seed mate- 
rial in brain-heart infusion broth (Difco) and 1 per cent 
bovine albumin (Armour). 
1,000 U 


After 5 days’ incubation at 35 


For the first two passages 
of penicillin was added per ml of lung suspen- 
sion. C, inoculated em- 


bryos were harvested without chilling, and the lungs and 


ground in 2 ml of the broth-bovine albumin mixture per 
grinder. The pooled crude 


suspension was divided into 1- to 2-ml aliquots, sealed in 


specimen in a glass tissue 
glass ampules, and stored at —70° C. Material used in 
the experiments to follow was from the sixth egg passage, 
having an infectivity titer of 10° EID,, per 0.2 ml, as de 
termined by methods described by Liu (3). 
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White 
used exclusively. 
type incubator-hatcher for 14 days and after inoculation 


Eggs. Leghorn eggs from a local source were 


These ve placed in a commercial- 


were maintained in a humidified standard laboratory 

incubator. 
Sera. 

Tables I and II, and References 16a-d) of the volunteers 


were stored at 4° C for 12 to 18 months before lyophiliza- 


Sera collected before and after inoculation (see 


They were then kept at room temperature for about 
Sera from 


tion. 
8 years and were subsequently stored at 4° C 


PABLI 
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70 of the original 78 participants were available for exam- 
ination. Each specimen was reconstituted to the original 
volume by addition of 2 ml of sterile distilled water, and 
aliquots were removed for testing. Sera from patients 
with primary atypical pneumonia in the Cleveland area 
(18), stored at —20° C since 1947, provided positive and 
negative control specimens. 
of these control sera have been published by Cook and 


Results of previous titrations 


co-workers (6). 
For the preparation of fluorescein isothiocyanate-con- 


IT 


Summary of clinical and serological data, second primary atypical pneumonia volunteer experiment * 


Disease bation 


Inoculun induced 


Untreated 
Mild 
Mod. severe 


Mild 
Mild 
Moder: 


severe 
Moder: 
Moder: 


Filtered 
Moder 
Mild 
Mild 


Moder: 
Mild 
Moder: 


Moder: 
Moder: 


\utoclaved 


Mild 
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* See footnotes to Table I. 


Serological data 
Fluorescent-stainable antibody 
Postinoculation 


Day 
Titer bled 


1,024 
64 (pre-inoc. 8 


re-inoc. 8 
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jugated antisera, adult goats were immunized by weekly 
subcutaneous injections of pooled human globulins with 
aluminum hydroxide as adjuvant. Injectior 
tinued until the undiluted serum produced a precipitin 
reaction with antigen dilutions of 10“ or greater. 
Fluorescein-conjugated antihuman 


were con 


globulin solution. 
The globulin fraction of the goat antihuman serum was 
precipitated with (NH,).SO, by standard methods (19). 
The globulin solution was conjugated with fluorescein 
isothiocvanate (20)! by the technique of Marshall, Eve- 
land anu Smith (21). The final product contained 1 per 
cent protein and 0.05 mg fluorescein isothiocyanate per 
mg of protein. After dialysis against phosphate-buffered 
saline (0.01 M, pH 7.2) for 7 to 8 days to remove uncom- 
bined fluorescein, the labeled globulin solution was ab- 
sorbed once each with acetone-extracted chick embryo 
and adult chicken lung powders (4) to remove non- 
specific staining properties. The absorbed, conjugated 
globulin solution was stored at —25° C until needed. 
Fluorescent equipment. The source 
light AH-6 water-cooled mercury 
vapor lamp,? filtered by a 2.5 cm path of 2.5 per cent 
CuSO,:5 H.O solution and a half-thickness Corning 5840 
filter. A standard laboratory monocular microscope was 
employed, fitted with a cardioid dark field condenser and 
a double Wratten 2-A gelatin filter in the ocular. 
Preparation of infected 
Chick embryos were inoculated with stock virus suspen 
The thorax of 
each embryo was removed, placed in an individual rubber- 


microscopic of 


ultraviolet was an 


tissue for serum titrations. 


sion and harvested as described above. 


stoppered tube and quick-frozen in an ethanol-carbon 
In a microtome cryostat *® 4-« frozen 
These 
were examined for viral antigens by the indirect fluores- 
cent antibody technique, with known positive human con- 


dioxide ice bath. 
sections of the lungs of each embryo were cut. 


valescent serum and goat antihuman fluorescein-conju- 
gated globulin Embryos showing 
(44+) fluorescence of the bronchial epithelium in two or 
more foci were selected for future use. Series of such 
sections were prepared for titrations, dried at room tem- 
perature, and stored at 4° C until used (within 1 week). 
Several hundred sections from each specimen could be 
If screening revealed antigen in the first and 


solution. maximal 


obtained. 
last sections of a consecutive series, those between were 
assumed to be positive. 

Serum titrations. Fluorescent-stainable antibodies were 
titrated by a modification of the technique of Weller and 
Coons (22) as described by Liu and co-workers (5). 
Simultaneous titrations were performed, using sections 
from the same chick embryo, on pre- and postinoculation 
sera of a given individual. Sera were first inactivated by 
heating at 56° C for 30 minutes. Dilutions were pre- 
pared in an ice bath; the diluent was 1:20 fresh human 
serum, free from stainable antibodies to the Eaton agent, 
in phosphate-buffered saline. Sera negative at a screen- 
ing dilution of 1:10 were not further evaluated, while 


1 Dajac Labs., Borden Chemical Co., Philadelphia, Pa. 
2 General Electric Co., Cleveland, Ohio. 
3 Harris Refrigeration Co., Cambridge, Mass. 
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to 
Each serum dilution 


those positive were diluted in twofold increments 
1: 1,280 for testing on the same day. 
tube received a code number and was not further iden- 
tified until completion of the titration experiments. In 
addition, all titrations were performed without knowledge 
by the observer of the volunteer's classifications. 

Indirect fluor The entire 


staining procedure was conducted at room temperature. 


ont antibody technique. 


Series of infected chick embryo lung sections were fixed 
in acetone for 10 minutes and dried at 36° C for 20 min- 
Each section was overlaid with one serum dilution 
for 30 minutes. Slides were washed with gentle agitation 


utes. 


in buffered saline for 10 minutes, wiped dry except for the 
section, and a drop of goat antihuman fluorescein-con- 
The 


slides were again washed in buffered saline and mounted 


jugated globulin solution applied for 30 minutes. 
in buffered glycerol. The sections were examined under 
a fluorescence microscope and the amount of fluorescence 
recorded as 1 to 4+. 
mined as those serum dilutions giving minimal 


Titration endpoints were deter- 
(1+) 
fluorescence of the chick bronchial epithelium. 

Titration and staining controls. Dilutions of 1: 10, 
1: 100, and 1: 1,000 of a serum with a consistent titer of 
1,280 were included in each series of titrations to indicate 
the range and reproducibility of positive reactions. In 
addition to the positive serum, the following controls were 
included in each series of titrations with identical process 
ing: 1) the first and last sections from each consecutive 
series used, stained with a 1:10 dilution of positive con- 
trol serum; 2) 
(1:20 fresh known-negative human serum in buffered 


sections stained with the serum diluent 


saline) ; and 3) sections held in buffered saline during the 
serum-staining period. 


RESULTS 


Detailed reports of the original experiments, 
which were designed to evaluate the nature of the 
etiological factors and clinical characteristics of 


primary atypical pneumonia, have been published 


previously (l6a-d). A brief summary of these 
experiments is included here, however, for its 
pertinence to the material to follow. 

First experiment (Table I). 
washings from 6 patients with primary atypical pneu- 


Pooled sputa and throat 


monia were divided into 3 aliquots which were respec- 
tively autoclaved, filtered to remove bacteria, and re- 
tained untreated. 
individuals, each received one of the types of inocula by 


Three groups of volunteers, totaling 37 


nasopharyngeal insufflation, those inoculated with auto- 
claved material serving as the control group. Ten cases 
of primary atypical pneumonia and 15 cases of an un- 
differentiated minor respiratory illness resulted. These 
findings were difficult to interpret because both disease 
syndromes occurred in the control group. A modified 
repetition of this study was performed for further eval- 


uation. 
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Second experiment (lable 11). Inoculum was ob 
tained from 6 of the more severe cases of primary atypical 
pneumonia which had been induced in the first experi- 
ment, and aliquots were again autoclaved, filtered, and 
retained untreated. In addition to more rigorous isola- 
tion procedures, the inoculations were performed outdoors 
and on different days, beginning with the autoclaved ma- 
terial and concluding with the untreated pool. Six cases 
of primary atypical pneumonia and 10 cases of minor 
respiratory illness developed in the 24 men who received 
untreated or filtered inocula. No clinical illnesses devel 
oped in the control group except in one volunteer (Case 
102) who violated isolation restrictions by visiting a pa 
tient with minor respiratory illness (Case 138). 

The original serological data from the two experiments 


Tables I and II. 


responses of cold hemagglutinins occurred in the donors 


are summarized in Fourfold or greater 
of inocula, in most of the volunteers developing primary 
atypical pneumonia, and in a few of those with minor 
Streptococcus MG agglutinin § re- 


respiratory illness. 


sponses occurred rarely. 

The introduction of a new serological procedure 
for the study of primary atypical pneumonia made 
it possible to re-evaluate these data, and in so 
doing to expand information concerning the na 
the test 
results of fluorescent-stainable antibody titrations 


ture of itself. The significance of the 
on the sera from the volunteers was judged by: 
1) correlation with the types of inocula adminis 
tered; 2) correlation with the occurrence of in 
duced illness; and 3) comparison with the previ 
ously reported results of cold hemagglutinin and 
streptococcus MG agglutinin tests performed on 
the same sera. 

The data obtained revealed an association be- 
tween illness and the development of fluorescent- 
stainable antibody to Eaton’s agent. In addition, 
a number of volunteers who remained well after 
inoculation and failed to show cold hemagglutinins 
or streptococcus MG agglutinins developed these 
antibodies. Certain discrepancies concerning the 
development of illness and antibody responses will 
be detailed and discussed. 

Relationship of fluor nt-stainable antibody 
responses to types of inocula, The correlation be- 
tween the nature of the inoculating material and 
the fluorescent-stainable antibody responses pro- 
vided one method of assessing the significance of 
the results obtained. The outcome of inoculation 
with filtered or untreated material was similar in 
both experiments; therefore, these groups have 
been combined for presentation, as indicated in 


Table III. 


Sixty-eight per cent of those receiving 
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filtered inocula and 65 per cent of those receiving 
untreated inocula developed fourfold or greater 
rises of fluorescent-stainable antibody. The mean 
former was a 
the latter 


antibody response of the group 


10-fold increase, while that of was a 
21.9-fold increase. It was previously noted that 
those men receiving filtered inocula had somewhat 
milder illnesses after longer incubation periods, 
which was thought to be due to a reduction of the 
inoculating dose occasioned by the filtration pro 
cedure (16c) (Tables I and II). 

In the first transmission experiment, three cases 
of primary atypical pneumonia and one of minor 
respiratory illness developed in the group receiv- 
ing autoclaved inoculum. These unexpected ill- 
nesses were clinically and serologically identical 
those induced in 


with volunteers given active 


(filtered and untreated) inocula (Tables I and 
IT). 
the control group of the second experiment, it was 
felt that 
produced by inadvertent infection rather than by 


latent 


In view of the absence of apparent disease in 


the illnesses in the first instance were 


theoretical agent by the 
(16b). 
nisms involved have been previously 
(16b), and 
used for 


stimulation of a ' 
inoculation procedure Possible mecha- 
discussed 
included contamination of the air 


pump insufflation of inocula, airborne 


spread at the time of inoculation, or cross-infec- 


tion after inoculation. The second possibility was 


favored by the occurrence of primary atypical 
pneumonia in an attendant and two members of 
the professional staff involved. 

Since inadvertent infection apparently occurred 
in the first control group, this has been excluded 
from the comparative data to be presented. Of 
the 17 control subjects with available sera from 


the second experiment, 3 developed 2-fold anti- 


rABLE III 


Relationship of fluorescent-stainable antibody responses to 
types of inocula received by 59 volunteers 


Type of 


inoculum 


Autoclavedt 
Filteredt 
dea ( 

Untreatedt 21.9 

* Average-fold change based on the responses of all indi- 
viduals in each group. 

t Control group of second experiment 

t Combined groups from first and second experiments 
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body rises, and 4 showed 4-fold rises, giving a 
mean response for the group of 1.3-fold (Table 
EEE ):, (Case 117, 
Table II), the cold hemagglutinin titer began to 


In one of the latter instances 


rise 2 weeks prior to inoculation, suggesting an 


unassociated infection. Using the rank-sum 
method (23), the differences in mean responses 
of the groups receiving either filtered or un- 
treated inocula, compared with the control group 
of the second experiment, were found to be 
The differ- 


ence between the groups receiving filtered or un- 


statistically significant (p < 0.01). 


treated inocula was not significant. 

Relationship of fluorescent-stainable antibody 
responses to the volunteers’ postinoculation diag- 
noses. The manifestations of the two types of 
induced illnesses have been detailed previously 
(16c) and are outlined briefly above. The cases 
of primary atypical pneumonia followed an in- 
cubation period of 7 to 14 days, while the undiffer- 
entiated minor respiratory illneses had a more 
The 


possibility that these two clinical entities may have 


variable incubation period of 1 to 19 days. 


been caused by different etiologic agents was nei- 
ther confirmed nor disproved by the original data 
(16b). 
possible further evaluation of this problem. 


Results from the present study made 

Fourfold or greater rises of fluorescent-stain- 
able antibody to Eaton’s agent developed in the 
sera of 21 of 31 individuals who became clinically 
(Table IV). 


These included 7 of 11 cases of primary atypical 


ill after receiving active inocula 


pneumonia and 14 of 20 cases of minor respiratory 
illness occurring in the two transmission experi- 


ments. Seven of 11 men who remained well after 
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TABLE IV 


Relationship of fluorescent-stainable antibody esponses to 


diagnosis in 42 volunteers given active inocula 


Primary atypical pneumoniz 
Minor respiratory illness 
No illness 


* Clinical diagnosis by cri 


inoculation also developed significant rises. All 
of the patients with primary atypical pneumonia 
had pre-inoculation antibody levels of less than 
10, while among those developing minor respira- 
tory illness, two had baseline titers of 10, one of 
80, and one of 320. In the group remaining well, 
three volunteers had pre-inoculation titers of 10 
and one of 20 (Tables I and IT). 

No essential differences in the percentage of 
significant responses occurred among the ill and 
the well groups (Table IV). Calculation of mean 
increases of titer revealed that the response of the 
primary atypical pneumonia group was 24-fold; 
that of the minor respiratory illness group, 15.4- 
fold; and that of the group without illness, 8.5- 
fold. 


trend, the 


While these figures represent a progressive 


differences between groups are not 
statistically significant when tested with the rank- 
sum method (p > 0.05). 

Relationship of fluore 


responses to cold hemagglutinins and streptococ- 


nt-stainable antibody 


cus MG agglutinins. It has been shown that cold 
hemagglutinin responses in primary atypical pneu- 


monia bear a direct relationship to the severity and 


V 


Relationship of antibody responses to the severity of disease among 42 subjects receiving active inoculum 


Fluorescent-stainable antibody Cold hemagglutinins 


Degree of 
illness* 


4-Fold or 


63.6 
64.7 
75.0 
Severe! 4 66.7 


Not illt 
Mildt 
Moderate$ 


Mean 


rise 


0.0 
29.4 
62.5 


100.0 


* Based upon clinical appraisal, extent of pulmonary infiltration, and duration of illness, 


+ Patients without clinical disease. 


t Patients with an undifferentiated minor respiratory illness. 
§ Patients with febrile respiratory disease and rales without pulmonary infiltration demonstrable radiographically, 


and cases of mild primary atypical pneumonia. 


|| Patients with moderately severe and severe primary atypical pneumonia. 
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TABLE VI 
Correlation between responses of both fluorescent-stainable 
antibody and cold hemagglutinins in the sera of 42 
volunteers 


Fluorescent-stain- 
able antibody 


Cold hemagglut. Present* Absentt 


Present* 15 3 
Absentt 1. 11 


* Fourfold or > titer rise. 
+ Fourfold titer rise. 


That this was the 
case in the studies under consideration is illus- 
trated in Table V. Volunteers with more severe 
illnesses demonstrated both a higher level and a 


duration of illness (9, 13). 


greater percentage of cold hemagglutinin rises. 
The development of fluorescent-stainable antibody 
did not follow this pattern in occurrence, roughly 
two-thirds of volunteers in all clinical categories 
having fourfold or greater antibody responses. 
There was a trend toward higher titers in those 
men with the more severe illnesses, as shown by 
comparison of mean antibody increases for the 
same groups, but these differences were not sta- 
tistically significant. 

The correlation between the development of 
cold hemagglutinins and fluorescent-stainable anti- 
bodies in the same sera is illustrated in Table VI. 
Fourfold or greater cold hemagglutinin responses 
occurred in 18 (43 per cent) of 42 individuals re- 
ceiving active inocula. Of these 18 patients hav- 
ing significant cold hemagglutinin responses, 15 
(82 per cent) also had rises of fluorescent-stain- 
able antibody ; however, of the 28 with significant 
fluorescent-stainable antibody rises, only 15 (54 
per cent) had cold hemagglutinin responses. 
Rises of streptococcus MG agglutinins, all sixfold, 
occurred in two patients with primary atypical 
pneumonia and in one with minor respiratory ill- 
ness. Significant responses of both cold hemag- 
glutinins and fluorescent-stainable antibody devel- 
oped in these same patients. No detectable 
antibody responses occurred in 11 of the 42 volun- 
teers (26 per cent), including 4 without illness, 
6 with minor respiratory illness, and 1 with pri- 
mary atypical pneumonia. 


DISCUSSION 


Although the identity of the infectious agent in- 
volved in the experiments is unknown, the rises 
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in titer of fluorescent-stainable antibody to the 
Eaton agent were striking. Interpretation of the 
data is complicated by the present lack of knowl- 
edge of the nature of these fluorescent-stainable 
antibodies. Patients with primary atypical pneu- 
monia may develop a variety of abnormal sero- 
logic reactions during convalescence: agglutinins 
or group O erythrocytes in the cold; agglutinins 
or streptococcus MG; complement-fixing reac- 


; 
fi 


tions for various heterologous tissue antigens ; and 
even false serologic tests for syphilis (8-15). Liu 
and associates, by means of cross-absorption ex- 
periments, demonstrated that the fluorescent-stain- 
able antibodies are distinct from cold hemaggluti- 
nins and streptococcus MG agglutinins (5). The 
antigen - fluorescent - stainable reaction 
enhanced 


antibody 


not bind complement but is 
by the presence of a heat-labile factor in normal 
24). Except in rare instances 


(25), sera containing these antibodies fail to neu- 


does 
fresh serum (5, 


tralize Eaton’s agent in eggs; but Eaton has shown 
that sera of patients with primary atypical pneu- 
monia may neutralize the agent, as indicated by 
prevention of pneumonia in cotton rats or ham- 
sters inoculated with serum-virus mixtures (26, 
27). Results of both fluorescent-stainable anti- 
body titrations and cotton rat neutralization titra- 
tions on the same sera reveal a close correlation in 
development of the two (5, 28). The data pre- 
sented above suggest that the presence of fluores- 
cent-stainable antibodies did not provide complete 
protection from induction of disease in man, al- 
though modification of disease may have occurred 
in those individuals who had pre-existing antibody 
at a measurable level. The data from this series 
are quite limited, but none of the individuals re- 
ceiving active inocula who developed primary 
atypical pneumonia had a baseline titer of 10 or 
greater, while several of those developing minor 
respiratory illness or remaining well had baseline 
titers above this range. 

Certain discrepancies occurred in the experi- 
mental data which are difficult to interpret. Al- 
though the control group of the second experiment 
appeared adequate, fluorescent-stainable antibodies 
in titers considered to be significant developed in 
a few cases. Possible reasons for these responses 
are: 1) that there were undetected instances of 
cross infection in addition to the one known (Case 
102, Table II) ; 2) that the denatured antigen in 
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the autoclaved inoculum was sufficient to evoke an 
immune response; and 3) that the sensitivity of 
the fluorescent-stainable antibody test as _per- 
formed was too great. No data are available to 
test the first two hypotheses; limited experimen- 
tal data have been accumulated to test the third 
possibility. By determining the fluorescent-stain- 
able antibody titers simultaneously in multiple 
aliquots of the same serum, it was found that a 
variation by chance of 2 tubes (fourfold) would 
occur less than once in 20 times (28). This sug- 
gests that the responses seen in the control group 
are significant. The mechanism of these responses 
remains unexplained. 

Not all of the patients with primary atypical 
pneumonia developed fluorescent-stainable anti- 
body responses, including some considered to 
It is possible that the 
negative reactions could be explained by loss of 


have had severe disease. 


antibody through deterioration of the specimens. 
Another possible explanation for the negative re- 
actions was that more than one agent was trans- 
mitted in the volunteer studies, especially since 
the inocula were obtained by pooling material 
from several patients. Sera tested from four of 
the six donors for the second experiment revealed 
significant fluorescent-stainable antibody responses 
to Eaton’s agent in two instances (Table I). Sera 
from the donors for the first experiment were not 
available for testing. Repeated attempts to isolate 
the responsible agent(s) from lyophilized samples 
of the original inocula, using eggs and a variety 
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of tissue culture cell lines, have all been unsuccess- 
ful (28). Additionally, failure to demonstrate 
antibody in some patients’ postinoculation sera 
may be related to the time they were collected. 
Some of the samples were obtained 2 to 3 weeks 
after inoculation of the volunteers, or as early as 
7 days after the onset of illness (Tables I and II), 
and Liu has demonstrated that the maximal per- 
centage positivity of sera for fluorescent-stainable 
antibody may not occur until the fourth week of 
illness (5). 

Some of the deficiencies in this series may be 
negated by appraisal of the results in terms of 
those that might be anticipated in the transmission 
of respiratory disease to human subjects. Table 
VII summarizes the several studies 
from the literature in which agents of known 
pathogenicity were employed. The over-all illness 


results of 


rate of 73.8 per cent in the primary atypical pneu- 
monia experiments compares favorably with those 
of transmission studies in which Asian influenza 
(30), 


and a variety of adenovirus types (31) have been 


virus (29), Myxovirus para-influenza 1 
used. A comparison of the serologic data from 
these various studies reveals that the percentage 
of significant fluorescent-stainable antibody re- 
sponses approaches those of para-influenza | 
neutralization and Asian influenza virus hemag- 
glutination inhibition; it is in excess of the per- 
centages of complement-fixation responses illus- 
trated. 

An association 


between fluorescent-stainable 


VII 


Comparison of the primary atypical pneumonia transmission experiments to several other volunteer studies 


Volunteers 
developing 


Agents employed Volunteers illness* 


no, 


? Eaton agent 42 


Asian influenza 
Para-influenza 1 
Adenovirus types 


1,4 and 5 91 
1, 2 and 3 168 
1-6 


60.4 
: 43.5 
100 : 38.0 


Volunteers’ serologic responses (4-fold or >) 


Test 


Fluorescent-stainable 
antibody 
Cold hemagglutinins 


606.6 
42.8 


Hemagglutination- 


inhibition 69.6 


Virus neutralization 68.8 

Hemagglutination- 
inhibition 

Complement fixation 


56.3 
43.8 


49.5 
42.9 
52.9 


Complement fixation 
Complement fixation 
Complement fixation 


* Clinical illness according to the criteria of the study concerned. 
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antibody responses to Eaton's agent and some 
cases of primary atypical pneumonia has_ been 
established (5-7). The specificity of the reaction 
is suggested by its absence in limited series of tests 
using sera from patients with psittacosis, QO fever, 
adenovirus infections, influenza, and para-influ- 
enza 1 and 3 infections (5,7). The incidence of 
fluorescent-stainable antibodies in the general pop- 
ulation appears to be much greater, however, than 
the occurrence of primary atypical pneumonia. 
Figures as high as 40 per cent positive reactions 
in collections of sera have been reported by Cook 
(6) and Chanock (7) and their co-workers. In 
the small sampling of adult males in 1944 that has 
been presented, 17 of the 70 men (24.3 per cent) 
had pre-existing antibody titers of 10 or greater. 
If the Eaton agent indeed played a role in the 
volunteer experiments analyzed above, it appears 
that it may also be associated with an undiffer- 
entiated minor respiratory illness and with sub- 
clinical disease, which offers an explanation for 
the apparently widespread occurrence of these 
fluorescent-stainable antibodies. That a spectrum 
of disease may be associated with the agent(s) of 
primary atypical pneumonia has been suggested 
in epidemiologic studies performed by a number 


-_ 


of investigators (26, 32-35). 


SUMMARY 

Preserved sera from 70 volunteers participating 
in two primary atypical pneumonia transmission 
experiments were examined for fluorescent-stain- 
able antibodies to the Eaton agent. Fluorescent- 
stainable antibody responses were associated with 
cases of primary atypical pneumonia and through 
a spectrum of disease ranging down to apparent 
subclinical infection. In contrast, rises of cold 
hemagglutinins and streptococcus MG agglutinins 
were limited for the most part to patients with 
atypical pneumonia and were influenced by the 
severity of the disease. The explanation of fluo- 
rescent-stainable antibody responses in those who 
had no illness or had minor respiratory illness is 
not clear; they may represent unapparent or mild 
‘infection with the Eaton agent, or they may re- 
It is 
concluded that the data presented indicate an asso- 


flect nonspecific factors as yet unknown. 


ciation of the Eaton agent with disease in the 
volunteers studied, although the identity of the 
agent transmitted could not be determined di- 
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These results cannot be interpreted as 


rectly. 
proof of the etiological role of the Eaton agent in 


primary atypical pneumonia until the exact speci- 
ficity of the reaction between the agent and flu- 


orescent-stainable antibodies has been established. 
ACKNOWLEDGMENT 
The authors are indebted to Drs. M. H. Kaplan, C. Liu, 
and A. S. Littell for their assistance in these studies. 
REFERENCES 


W., and 


cases oO! 


Eaton, M. D., Meiklejohn, G., van Herick, 
Talbot, J. C. 
pneumonia apparently transmissible to 
cotton rats. Science 1942, 96, 518. 

D., Meiklejohn, G., Herick, W. 


Studies on the etiology of primary atypical pneu- 


An infectious agent from 


atypical 
and van 


Zaton, M. 


transmissible to cotton 


Med 


monia. A filterable agent 
rats, hamsters, and chick embryos. J. 
1944, 79, 649. 

iu, C. 
Localization, isolation, and cultivation of a virus 
in chick embryos. J. exp. Med. 1957, 106, 455. 

A. H., and Kaplan, M. H. 
antigen in cells. IT. 
method for the detection of antigen by means of 
fluorescent antibody. J. exp. Med. 1950, 91, 1. 

iu, C., Eaton, M. D., and Heyl, J. T. 


primary atypical pneumonia. II. Observations con- 


exp. 


Studies on primary atypical pneumonia. I. 


‘oons, Localization of 


tissue Improvements in a 


Studies on 


cerning the development and immunological char- 

acteristics of antibody in patients. J. Med. 
1959, 109, 545. 

‘ook, M. K., Chanock, 
Ji, 


of Eaton 


exp 


R. M., Fox, H. H., Huebner, 


Buescher, E. L., and Johnson, R. T. Role 
respiratory 


Brit 


agent in disease of lower 


Evidence for infection in adults. med 

905. 

. Chanock, R. M., Cook, M. K., 
R. H., and Huebner, R. J. 


Eaton 


tract. 
J. 1960, 1, 


H. H., Parrott, 


Serologic evidence of 


Fox, 


in lower respiratory 
Med. 1960, 262, 


agent 


New Engl. J. 


infection with 
illness in childhood. 
648. 

Dingle, J. H., and Jordan, W. S., Jr. 
ical pneumonia in Viral and Rickettsial Infections 
of Man, 3rd ed., T. M. Rivers and F. L. Horsfall, 
Jr., Eds. Philadelphia, Lippincott, 1959, p. 600. 

Horsfall, F. L., Jr. Primary atypical pneumonia. 
Ann. intern. Med. 1947, 27, 275. 

. Curnen, E. C., Mirick, G. S., Ziegler, J. E., Jr., 
, and Horsfall, F. L., Jr. 
Clinical 


Primary atyp 


Thomas, L. Studies on 


primary atypical pneumonia. I. features 

and results of laboratory investigations. J. clin 
Invest. 1945, 24, 209. 

Thomas, L., Curnen, E. C., Mirick, G. S., Ziegler, 
J. E., Jr., and Horsfall, F. L., Jr. Complement 
fixation with dissimilar antigens in primary atyp 





ANTIBODIES IN HUMAN PRIMARY ATYPIC:. 


ical pneumonia. Proc. Soc. Biol. CN: -Y.) 
1943, 52, 121. 

12. Eaton, M. D., and Corey, M. 
in human pneumonitis with group-reactive virus 


Proc. Soc. exp. Biol. (N. Y.) 1942, 51, 


exp. 
Complement-fixation 


antigens. 
165. 

13. Finland, M., Peterson, O. L., Allen, H. E., Samper, 
B. A., and Barnes, M. W. 
Cold isohemagglutinins in primary atypical pneu- 


Cold agglutinins. II. 


monia of unknown etiology with a note on the 
occurrence of hemolytic anemia in these cases. 
J. clin. Invest. 1945, 24, 458. 

14. Finland, M., Samper, B. A., 3arnes, M. W. 
Cold agglutinins. VI. Agglutinins for an indiffer- 
ent streptococcus in primary atypical pneumonia 


and 


and in other conditions and their relation to cold 
isohemagglutinins. J. clin. Invest. 1945, 24, 497. 
Mirick, G. S., Curnen, E. C., Ziegler, 
Horsfall, F. L., Jr. Studies on 
pneumonia. II. 


15. Thomas, L., 
ARB CHR Ft 


primary 


and 

atypical Observations 
relationship of a non-hemolytic 
clin. Invest. 1945, 


concerning the 
streptococcus to the disease. J. 
24, 227. 

l6a. Commission on Acute Respiratory Diseases. The 


transmission of primary atypical pneumonia to 


human volunteers. I. Experimental methods. 
3ull. Johns Hopk. Hosp. 1946, 79, 97. 
b. Ibid. 
c. Ibid. 
d. Ibid. IV. Laboratory studies, p. 153. 
17. Eaton, M. D., Meiklejohn, G., van Herick, W., and 
Corey, M. 


atypical pneumonia. 


II. Results of inoculation, p. 109. 
III. Clinical features, p. 125. 


Studies on the etiology of primary 


II. Properties of the virus 


isolated and propagated in chick embryos. J. 
Med. 1945, 82, 317. 

. Jordan, W. S., Jr., Albright, R. 
and Dingle, J. H. 
atypical pneumonia. 


exp. 


W., McCain, F. H., 
Clinical variations in primary 
Amer. J. Med. 1951, 10, 3. 
. Coons, A. H. Fluorescent antibody methods in Gen- 
eral Cytochemical Methods, J. F. Danielli, Ed. 
New York, Academic Press, 1958, vol. I, p. 399. 
20. Riggs, J. L., Seiwald, R. J., Burckhalter, J. H., 
Downs, C. M., and Metcalf, T. G. 
compounds as fluorescent labeling agents for im- 
mune serum. Amer. J. Path. 1958, 34, 1081. 
Marshall, J. D., Eveland, W. C., and Smith, C. W. 
Superiority of fluorescein isothiocyanate (Riggs) 


Isothiocyanate 


for fluorescent-antibody technic with a modifica- 


tion of its application. Proc. Soc. 3iol. 


(N. Y.) 1958, 98, 898. 


exp. 


AL PNEUMONIA TRANSMISSION STUDIES 1647 


Fluorescent anti 


22. Weller, T. 


body 


H., and Coons, A. H. 


studies with agents of varicella and herpes 


zoster propagated in vitro. Proc. Soc. exp. Biol. 
(N. Y.) 1954, 86, 789. 

. Snedecor, G. W. Statistical Methods Applied to 
Experiments in Agriculture and Biology, 5th ed. 
Ames, lowa State College Press, 1954, Section 5.10, 
p. 118. 

Lr C. 
A factor in normal serum which enhances the re 


Studies on primary atypical pneumonia. II] 


action between PAP virus and convalescent serum. 
J. exp. Med. 1961, 113, 111. 
Liu, C. Personal communication. 
Eaton, M. D., and van Herick, W. 
epidemiological studies on primary atypical pneu- 


Serological and 


monia and related acute upper respiratory disease 
Amer. J. Hyg. 1947, 45, 82. 
Eaton, M. D., van Herick, W., and Meiklejohn, G. 
Studies on the etiology of primary atypical pneu- 
III. Specific neutralization of the virus by 
exp. Med. 1945, 82, 329. 
and Denny, F. W., Jr. 


monia. 

human serum. J. 

. Clyde, W. A., Jr., 
lished data. 

Bell, J. A., Ward, T. G., 


\., Reichelderfer, T. E., 


Unpub- 


Kapikian, A. Z., Shelokov, 
Arti- 
influenza in vaccinated and 
Amer. med. Ass. 1957, 


and Huebner, R. J. 
fically induced Asian 
unvaccinated volunteers. J 
165, 1366. 
Reichelderfer, T. E., 
J. E., Huebner, R. 
and Ward, T. G. 
with type 2 
128, 779. 
Bell; J. A:; Wand, T. G., 
W. P., Suskind, R. G,, 
Jr. Studies of adenoviruses (APC) 
Amer. J. Publ. Hlth 1956, 46, 1130. 


Iverson, H. A. 


Chanock, R. M., 
tq permet, 72..C., 


Infection of human 


Craighead, 
James, W., 
volunteers 


hemadsorption virus. Science 1959, 


Row e, 


fon 
and Paffenbarger, R. S., 


Huebner, 
in volunteers. 


An epidemic of acute respiratory 

disease associated with atypical pneumonia. Bull. 
Johns Hopk. Hosp. 1943, 72, 89. 

. Campbell, T. A., Strong, P. S., Grier, G. S., III, and 
Lae; RT. A re- 
port of two hundred cases at Fort Eustis, Virginia. 
J. Amer. med. Ass. 1943, 122, 723. 

Harding, H. B., and Snyder, R. A. 
ogy of primary atypical pneumonia. 
intern. Med. 1960, 105, 217. 

Epidemic of acute respiratory disease 

clin 


Primary atypical pneumonia. 


The epidemiol- 
A.M.A. Arch. 


Breslow, L. 
associated with atypical pneumonia. J Invest. 


1945, 24, 775. 





THE PLASMA REMOVAL OF INDOCYANINE GREEN 
AND SULFOBROMOPHTHALEIN: EFFECT 
OF DOSAGE AND BLOCKING AGENTS 


By DONALD B. HUNTON, JESSE L. BOLLMAN anno HARRY N. HOFFMAN, II 


(From the Mayo Clinic and Mayo Foundation, Rochester, Minn.) 
- ~ , , 


(Submitted for publication January 12, 1961; accepted April 15, 1961) 


In 1950 Brauer and Pessotti (1) observed that 
the concentration of sulfobromophthalein in bile 
reached maximal values which were not influ- 
enced by further increments in infusion rate. In 
1956 Combes, Wheeler, Childs and Bradley (2) 
introduced the concept of maximal biliary trans- 
port capacity for sulfobromophthalein. It is now 
generally held that when sulfobromophthalein is 
infused at a rate that exceeds the maximal biliary 
transport capacity, the biliary excretion of the dye 
remains relatively constant. 

The effect of the initial dosage or infusion rate 
of sulfobromophthalein on the various parameters 
measuring hepatic uptake is not so uniformly 
agreed upon, due in part to confusion about the 
meaning of the parameters themselves. These in 
clude: 7) hepatic extraction—the percentage of 
dye removed in one passage through the liver; 
2) clearaiice rate—the milliliters of plasma com 


pletely cleared of dye in 1 minute; and 3) disap- 


pearance rate or removal rate—herein defined as 
the percentage of remaining dye removed each 
minute. Unless specified, removal rate will not 
be used to express the number of milligrams re- 
moved per minute. 

Casselman and Rappaport (3), Andrews, Mae- 
graith and Richards (4) and Combes and asso- 
ciates (2) have suggested that hepatic extraction 
is constant or nearly constant, regardless of dos- 
age or rate. (5) Cook, 
Lawler, Calvin and Green (6) observed the exact 


infusion Myers and 
converse ; that is, that extraction became less effi- 
cient with increasing dose. Lavers and colleagues 
(7) found that variation in the initial single dose 
did not affect the rate of removal of sulfobro- 
mophthalein from the plasma. Again, the con- 
verse has been reported: Fauvert (8) stated that 
increasing the initial dose decreased the plasma 
disappearance rate of the dye. 

Wheeler and associates (9, 10) recently de- 
scribed the hepatic uptake of sulfobromophthalein 


under special circumstances in which a constant 
infusion of dye is in excess of the maximal biliary 
transport capacity. Under these circumstances a 
portion of plasma removal of the dye is accounted 
for by bile excretion; this is a constant. The re- 
mainder of the dye taken up by the liver from the 
plasma is stored in the hepatic cells. These au- 
thors have shown that hepatic storage is directly 
proportional to plasma concentration. Conse- 
quently, the higher the plasma concentration, the 
more milligrams of dye can be stored. Limita- 
tions were not observed for any potential maximal 
capacity for this removal mechanism, but it should 
be noted that the phenomenon is not rate limited. 
This description does not apply to the mechanics 
of removal of a single injection of dye, however, 
because the storage compartment is empty at the 
outset and, obviously, no constant proportional re- 
lationship between storage and plasma concentra- 
tion would be possible. 

Several authors (1, 11-13) reported that so- 
dium dehydrocholate will slow the removal of 
sulfobromophthalein from the plasma and _ will 
delay its excretion in the bile. Cantarow, Wirts, 
Snape and Miller (14) and Fauvert (8) sug- 
gested that competition for hepatic uptake exists 
between bilirubin and sulfobromophthalein, the 
latter being selectively removed. Brauer and 
Pessotti (1) observed that rose bengal slowed the 
excretion of sulfobromophthalein in bile, but 
Popper and Schaffner (15) and Fauvert (8) 
pointed out that sulfobromophthalein is selectively 
taken up by the liver when administered simul- 
taneously with rose bengal. Wheeler, Cranston 
and Meltzer (16) reported that the hepatic uptake 
of sulfobromophthalein was faster than that of 
indocyanine green; Cherrick, Stein, Leevy and 
Davidson (17) reported the converse. However, 
the last two reports were done on different species 
with different dosage relationships, and the dyes 
were not administered simultaneously. 
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In recent studies of hepatic function, indo 
cyanine green has demonstrated the following 
advantages over other protein-binding dyes: es- 
sentially complete recovery in bile (16, 18-20), 
single exponential plasma removal pattern (16, 
17, 19-23), distribution limited to the intravas- 
cular volume (16, 24), no demonstrable uptake by 
extrahepatic tissues (18), no urinary excretion 
(18-20, 23), no enterohepatic circulation (16), 
and no reabsorption in the lymphatic circulation 
(19, 20). Because of these advantages, indo- 
cyanine green was employed in these studies in 
an attempt to clarify the various phenomena and 
to resolve some of the apparent conflicts. 


METHODS 


The technic used for the determination of the concentra- 
tion of indocyanine green in plasma has been described 
elsewhere (19). Briefly, it consists of measurement of 
transmittance of light in a spectrophotometer at 805 my 
after appropriate dilution of the specimen. 

The concentration of sulfobromophthalein in the plasma 
was determined by measurement of light transmittance in 
a spectrophotometer at 580 mu after dilution and alkalini 
zation. Turbid or hemolyzed specimens were not used. 

Determination of the concentration of indocyanine green 
and sulfobromophthalein in the same specimens of plasma 
with simultaneous administration of both dyes was per- 
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Itc. 2. PLASMA DISAPPEARANCE RATE OF INDOCYANINE 


GREEN IN Doc B. 


formed as follows. Transmittance of light at 805 mu was 
measured at neutral pH which thus measured only the 
the sulfobromophthalein being de- 


indocyanine green, 


colorized. Then transmittance was measured in the same 
specimens at 580 my after alkalinization. This measured 
the concentration of sulfobromophthalein, since at this 
wave length and in this concentration indocyanine green, 
while not decolorized, transmits 98 to 100 per cent of 
light (25). In these studies the dosage of sulfobro- 
mophthalein was five times greater than that of indo- 
cyanine green in order that the indocyanine green be 
sufficiently dilute not to interfere with transmittance at 
580 mu, and that no intervening dilutions be required 
between measurements, since indocyanine green absorbs 
light more intensively than does sulfobromophthalein. 
The method of calculation of the plasma disappearance 
rate has been described previously (8, 19). We have 
found (19, 20), as have others (16, 18), that the plasma 
disappearance rate of indocyanine green in dogs is ex- 
ponential for at least 15 minutes, and usually for 30 to 60 
minutes, in essentially all cases. Since the present studies 
of dose effect and blocking are concerned with phenomena 
occurring in the early phase of removal from the plasma, 
10 and 15 minutes after 


blood samples were taken at 5, 
injection of dye. 

The plasma removal of sulfobromophthalein in dogs 
and rats does not follow a single exponential pattern, but 
for description of the phenomena in the early phase of 
removal, a useful approximation can be reached by taking 
two points on the early portion of the disappearance curve 
and substituting these values in the equation as if the 
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LARGER 


Fic 


DOSES HAVE 


removal rates of sulfo- 


The 


bromophthalein in this study were so obtained and apply 


pattern were exponential. 


only to this time. 
RESULTS 
The plasma disappearance rate of indocyanine 


green! was determined in each of two unanes- 


thetized dogs on eight separate occasions with 
doses of dye which varied from 0.1 to 20.0 mg per 
kg body weight. Blood was sampled at 5, 10 and 


15 minutes. The removal curves were consist- 


ently exponential for the 15-minute observation 


(Figures 1 and 2). As the initial dose increased, 
the plasma disappearance rate decreased but not 
in linear fashion. The apparent similarity of the 
slopes of the lines in Figures 1 and 2 is the result 
of the scale including 3 log cycles. The larger 
dosage of dye exerted a proportionately smaller 
slowing effect (Figure 3). 

When the plasma disappearance rate was multi- 
plied by the initial dose (per cent per minute times 
milligrams per kilogram), an expression of the 
actual number of milligrams per minute removed 
in the initial moments was obtained (milligrams 
per minute per kilogram). This figure applies 
only to the initial moments because, with a con- 
stant percentage being removed (exponential 
rate), the milligrams per minute will decrease 
steadily with time. 

When this initial removal rate in milligrams per 
minute per kilogram was plotted logarithmically 
the 
Pharmaceutical 
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RATE ARE RELATED INVERSELY ; 


SMALLER EFFECTS. 

against the initial dose (Figure 4), it was seen 
that with larger doses a larger amount of dye was 
removed, even though the percentage was smaller. 
Logarithmic plots were made of the difference 
between the observed removal rate and various 
arbitrary possible asymptotes to the curve in 


Figure 4. With 0.4 mg per kg weight per minute 
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as an asymptote, the log plot of the difference was 
This suggests that the asymptotic 
(rate limited) re- 


a straight line. 
value is the maximal initial 
moval capacity. 

The initial plasma disappearance rate of sulfo- 
bromophthalein was estimated in two unanes- 
Blood was sampled at 5, 10 and 


10-minute 


thetized dogs. 


and the 5-minute and 
values were substituted in the equation as de- 


Initial doses of 3.3 and 33.0 mg of sulfo- 


15 minutes, 


scribed. 
bromophthalein per kg body weight were used in 
separate tests. The initial plasma disappearance 
rate (Figure 5) of Dog C decreased from 18.6 to 
13.6 per cent per minute when dosage of dye was 
increased tenfold; the plasma disappearance rate 
of Dog D decreased from 20.4 to 12.6 per cent 
per minute. Thus, sulfobromophthalein removal 
rates in dogs were decreased by increasing the 
dosage. 

Two unanesthetized dogs were subjected to a 
series of tests in which various agents were in- 
jected simultaneously with a standard dose of 
indocyanine green to test the effect of each agent 


on the plasma disappearance rate of the indo- 


cyanine green. One mg of indocyanine green 
equals 0.0013 mmole. 
the blocking agent, that is, sulfobromophthalein, 
rose bengal, bilirubin, sodium dehydrocholate, or 


In each case the dose of 


indocyanine green itself, was molecularly 10 times 
the standard dose of indocyanine green or 0.013 
silirubin also was given in 
Blood 


was sampled at 5, 10 and 15 minutes and revealed 


mmole (Table I). 
twice the molecular dose, or 0.0026 mmole. 


exponential removal patterns (Dog B, Figure 6). 


rABLI 


33 ma ] 


Minute 

SULFO- 
The 

portion of the 


Fic. 5. THE PLASMA DISAPPEARANCE RATE OF 


BROMOPHTHALEIN IN DOGS IS NOT EXPONENTIAL. 
initial rate is estimated from the early 
curve. Rates are shown for Dogs C and D. 

The extent to which sulfobromophthalein, rose 
bengal, bilirubin, and indocyanine green itself, 
slowed the removal rate of the indocyanine green 
was the same when equivalent doses of these 
blocking agents were used (Figure 6, Table I). 
The effect of bilirubin in a dose of 0.0026 mmole 
was significantly less than the effect of the larger 


amount. Bilirubin was dissolved in 0.1 M sodium 


I 


Effect of blocking drugs on removal of indocyanine green 


Formula 


CysHiOgN2S2Na 


Indocyanine green 
CooHsBrgsNa20i0S2 


Rose bengal CooH2O5I4Cl Nae 
Bilirubin CseH36NsOe 


Sulfobromophthalein 


Sodium dehydrocholate CosHs3NaQOs 


* Standard dose of indocyanine green. 


Dog B 


+ Standard dose of indocyanine green plus the tenfold blocking dose. 
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Nv 
Fic. 6 THE 
VARIOUS 


REMOVAL RATES OF INDOCYANINE GREEN 


WITH THI BLOCKING DRUGS ARE EXPONENTIAL. 


Similarity of removal rate is denoted by similarity of 
slope. The slower slope applies to the larger dose of 
Data for Dog A are not illustrated but are 
similar to those shown here for Dog B. 


bilirubin 


The 


M sodium carbonate given 


carbonate for intravenous administration. 


same amount of 0.1 
alone had no effect on the plasma disappearance 
rate of indocyanine green. Sodium dehydro 
cholate, when given in the same molecular dose 
of 0.013 mmole, did not produce a measurable 
decrease in the plasma disappearance rate of indo- 
cyanine green (Table 1); but, when given in a 
much larger dose of approximately 260 mg per 
kg body weight (10 ml of a 20 per cent solution), 
it produced definite slowing of the plasma dis- 
appearance rate (1.2 and 2.1 per cent per minute 
in the two dogs). 

The initial plasma disappearance rate of sulfo- 
bromophthalein was measured in two unanes- 
thetized dogs by giving an initial dose of 5 mg of 
sulfobromophthalein per kg body weight and by 
10 and The 


removal rates were not exponential, but the initial 


sampling blood at 5, 15 minutes. 
estimated plasma disappearance rates were 23.9 
and 21.0 per cent per minute, respectively. Then 
1.0 mg of indocyanine green per kg body weight 
was administered simultaneously with the stand- 
ard dose of 5 mg sulfobromophthalein per kg body 
weight. 
initial 


Under these circumstances the estimated 


plasma disappearance of sulfobromo- 
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phthalein in the two dogs was 14.8 and 16.9 per 
cent per minute, respectively (average of three 
tests in each dog). Thus it was seen that indo- 
cyanine green could slow or block the removal 
rate of sulfobromophthalein. 

The initial plasma disappearance rate of sulfo- 
bromophthalein was determined in four Sprague- 
The 


cardiac 


Dawley rats weighing approximately 250 g. 


rats were under ether anesthesia, and 


blood was sampled 3, 6 and 9 minutes after injec- 
tion of 5 mg sulfobromophthalein (approximately 
The 


plasma removal pattern was not exponential, but 


20 mg per kg body weight; Table II). 


the initial plasma disappearance rates taken from 
specimens withdrawn at 3 and 6 minutes after 
injection averaged 35.6 per cent per minute. 

Next, the plasma disappearance rate of indo 
cyanine green was determined in six Sprague- 
Dawley rats weighing approximately 250 g under 
the above mentioned conditions after injection of 
1.0 mg indocyanine green (approximately 4 mg 
(Table IT) 


revealed nonexponential removal rates (19) aver- 


per kg body weight). The results 
aging 34.0 per cent per minute in the initial 6 
minutes. Then 1.0 mg indocyanine green and 5 
mg sulfobromophthalein were given simultane- 
ously to four Sprague-Dawley rats weighing ap- 


TABLE II 


Plasma disappearance rates of indocyanine green and sulfo- 


bromophthalein in Sprague-Dawley rats 


Sulfobromo 
phthalein 


Dose Rate 


nue I = 


mmm 


10 


\verage (7 


1 
1 
1. 
1: 


Average (11-14) 
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PLASMA INDOCYANINE GREEN IN 
With one exception the points form a 


nearly straight line, indicating an inverse linear relation- 


Fic, 7. REMOVAL OF 


GUNN. RATS. 
ship between plasma disappearance rate of indocyanine 
green and the total serum bilirubin. 


proximately 250 g each, and the removal rate of 
each dye was determined as before. The results 
(Table II) indicate that the removal rate of each 
dye was decreased. The amount of slowing was 
more prominent with indocyanine green, because 
in this instance the dose of the blocking dye, sulfo- 
bromophthalein, was five times greater than the 
dose of the test dye. Conversely, the slowing with 
sulfobromophthalein was less pronounced, but 
here the blocking dye, indocyanine green, was 
given in only one-fifth of the dose of the test dye. 

It had been reported previously by the authors 
(20) that the plasma disappearance rate of indo- 
cyanine green in a group of congenitally jaundiced 
Gunn rats was not statistically different from the 
plasma disappearance rate in normal Sprague- 
Dawley rats. However, it had been noted that 
the range of removal rates was wide and so an 
attempt was made to compare the plasma dis- 
appearance rate with the degree of jaundice. The 
plasma disappearance rate of indocyanine green, 
therefore, was determined in seven Gunn rats 
weighing approximately 250 g, with the rat under 
ether anesthesia during sampling of cardiac blood 
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after administration of 1.0 mg of indocyanine 
Total serum bilirubin was measured by 


An ap 


green. 
the Malloy-Evelyn method (Figure 7). 
proximately inverse linear relationship exists be- 
tween the plasma disappearance rate and the 
serum bilirubin. The group was too small for the 
reliable application of statistical methods permit- 
ting more precise description of the relationship. 


CONCLUSIONS 


These studies confirm the previous observation 
that the plasma disappearance rate of sulfobro- 
mophthalein is slower with large initial doses than 
with small doses of the dye. A similar phenom- 
enon has been demonstrated for the plasma dis- 
It has 
shown further that the relationship between dye 


appearance of indocyanine green. been 
dosage of indocyanine green and the plasma dis- 
appearance rate is a nonlinear inverse one. It 
would therefore appear that, when removal rates 
of one dye are compared with those of another 
(16, 17), 
the dose used. 


the comparison must be qualified for 
However, these studies did indi- 
cate that, milligram for milligram or millimole for 
millimole, sulfobromophthalein was more rapidly 
removed from dog and rat plasma in the initial 
phase than was indocyanine green. If it is kept in 
mind that the present study is limited to the re- 
moval of a single dose and that the storage com- 
partment is unsaturated at the outset, it appears 
that the capacity of the liver to take up indo- 
cyanine green from the plasma of dogs has a 
maximal rate limit (Figure 4). 

Since smaller initial doses are more quickly 
removed from the plasma, these studies also seem 
to indicate that dye already absorbed by the liver 
Were this 
not the case, as the plasma concentration of dye 
the the 


smaller remaining amount should increase rather 


inhibits subsequent absorption of dye. 


decreases with time, removal rate of 


than continue at the same rate. Previous studies 
(19, 20) indicate that indocyanine green is not 
reabsorbed into the hepatic lymph, and hence it 
appears unlikely that reabsorption would explain 
this observation. These additional observations 
on uptake of dye by the liver in no way disagree 


with the phenomena described by Wheeler and his 
colleagues (9, 10). 


These studies do not appear to confirm the con- 
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cept of a priori selective uptake of some dyes dur- 
ing simultaneous administration. All of the dyes 
studied exert the same blocking effect when given 
in equimolecular doses, and it has been shown that 
sulfobromophthalein and indocyanine green show 
mutual blocking. The blocking effect seems to be 
molecular competitive inhibition, since a single 
agent, indocyanine green, blocks itself similarly to 
the other blocking dyes. The blocking produced 
by sodium dehydrocholate is less pronounced, and 
its nature is not clarified by these studies. The 
demonstration that bilirubin blocks the removal of 
indocyanine green in dogs, and that the plasma 


disappearance rate is related inversely to the de- 


gree of jaundice in Gunn rats, is in accord with 
an observation made earlier (19), that obstructive 
jaundice in human beings produces an inverse 
linear slowing effect on the plasma disappearance 


rate of indocyanine green. 


SUMMARY 


It has been shown that the removal of indo- 
cyanine green from dog plasma is an inverse func- 
tion of the initial single dose. A maximal initial 
transfer capacity for hepatic uptake after a single 
dose of dye has been found. 

The mechanism whereby several dyes, taken up 
by the liver, compete with each other or block 
each other appears to be molecular competitive 
inhibition. The data do not support the concept 
that some of these dyes are, a priori, taken up 
selectively. 

It has been shown that bilirubin blocks the 
removal of indocyanine green as do the dyes, 
and that the rate of removal of indocyanine 
green in Gunn rats is dependent on the degree 
of bilirubinemia. 
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In pernicious anemia, vitamin B,, deficiency 
i2 . 


develops owing to the failure of gastric intrinsic- 


factor secretion. Patients with this disease ab 


sorb vitamin B,, from the gastrointestinal tract 
when it is fed together with an extract of hog 
pyloric mucosa. Some patients have relapsed 
during the course of oral therapy with this mix 
ture (1-3). These subjects absorb vitamin B, 
administered with normal human gastric juice but 
do not absorb it when it is administered with hog 
preparations possessing intrinsic-factor activity 
(3). These patients have become refractory to 
the hog preparations. It has been reported that 
sera obtained from most of these refractory pa- 
tients (4), and from a minority of nonrefractory 
patients and normal subjects (5, 6), possess in- 
trinsic factor-neutralizing properties. 

Such observations have directed attention to a 
possible immunologic mechanism for the refrac- 
tory state. This study was undertaken to deter- 
mine whether the refractory state might be due to 
antibodies against the hog intrinsic-factor prepara- 
tion, which could be detected in vitro. 


METHODS AND MATERIALS 


The standard hog pyloric mucosal extract! (hog IF) 
was active in the Schilling test at a dosage of 100 mg. 

Normal human gastric juice was obtained from at least 
After 
through cheesecloth the juice was adjusted to pH 10.0 


4 donors after histamine stimulation filtration 
with 2 N sodium hydroxide for 20 minutes to inactivate 
pepsin (7), neutralized to pH 7.0 to 8.0 with 2 N hydro- 
chloric acid, and stored at —20° C. 

To determine whether intrinsic factor could be bound 
by diazonium groups, fixed diazonium groups were pre- 


pared by exposing a column of polyaminopolystyrene to 


* Supported by Grant M.A. 802 of the National Re- 
search Council of Canada, and by Abbott Laboratories. 

1 Ayerst 5310 defatted, desiccated hog pyloric mucosa, 
generously supplied by Ayerst McKenna & Harrison Ltd., 
Montreal. 


nitrous acid, as described by Gyenes, Rose and Sehon 


(8). After one or more passages through this column, 
hog pyloric extract was tested for intrinsic-factor activity 
in vivo by the Schilling test. 

Serum was tested for antibodies by the technique of 


Stavitsky and Arquilla (9), which uses bis-diazotized 
benzidine to coat rabbit erythrocytes with antigen. Ag- 
glutination of these coated erythrocytes by dilutions of 
serum was considered to be due to antibodies’ combining 


The 


specificity of the antibodies was determined by absorbing 


with the hog proteins bound to the erythrocytes. 


the serum with hog pyloric extracts, or with nonpyloric 
hog protein before addition of the coated erythrocytes 
Specific agglutination of the coated erythrocytes was de- 
fined as agglutination which could be prevented by ab- 
sorption of the antiserum with hog pyloric mucosal 
extracts. 

To coat the erythrocytes, bis-diazotized benzidine solu 
tion? was mixed with a 10 per cent (wt/vol) aqueous 
To this 


was added 1.2 ml of a 25 per cent suspension of washed 


solution of hog IF, in a total volume of 1.5 ml. 
rabbit erythrocytes in normal saline. The optimal ratio 
of benzidine to antigen was determined previously by 
carrying out the procedure with different proportions of 
these materials. With the reagents described here, ap- 
proximately 1 ml of antigen and 1 ml of the benzidine 
solution provided optimal coating of the erythrocytes. 
The mixture was incubated at room temperature for 10 
The 


cells were washed in 3.5 ml of diluent (0.15 M phosphate 


minutes, agitated, and centrifuged at about 1,200 G. 


buffer at pH 7.3 containing 1 per cent of heat-inactivated 
normal rabbit serum) and suspended in 2.5 ml of the 
diluent. 

Antiserum was incubated at 56° C for 30 minutes to 
inactivate complement, and diluted serially in 0.5 ml vol- 
ume of the diluent. All sera were diluted in triplicate, 
and 0.05 ml of the coated cells was added to each tube of 
two series of dilutions. In one of these series, 0.1 ml of 
2 Bis-diazotized benzidine was prepared by slowly add- 


ing 5 ml of 8.75 per cent (wt/vol) sodium nitrite 
(NaNO,) to 0.23 g benzidine in approximately 10 ml 
water at 0° C, 
were frozen in an alcohol-dry ice mixture, and stored at 

20° C; 1 ml of this solution diluted in 14 ml of 0.15 M 


buffer (pH 7.3) was 


Water was added to 50 ml. Aliquots 


phosphate used in the coating 


procedure 
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antigen solution was incubated with each dilution for 15 
minutes before adding the coated cells. A control was 
set up by adding uncoated cells to the third series of 
dilutions. 

The test was read after 5 hours’ incubation at room 
temperature. Hemagglutination was recognized by the 
pattern of sedimentation of erythrocytes at the bottom of 
the test tubes. Unagglutinated erythrocytes sedimented 
in a button or ring, whereas agglutinated cells settled in a 
homogeneous layer. 

After the agglutination pattern was recorded, 0.1 ml of 
5 per cent PVP? in phosphate buffer was added to each 
The tubes were agitated, incubated, and the pattern 
This procedure increased the 


tube. 
of settling again noted. 
sensitivity of the test. 
Rabbits, mixed as to sex and breed, were immunized by 
the intravenous injection of 3 mg of the standard hog IF 
preparation in saline. Injections were carried out twice 
weekly for 3 months, separated by rest periods of 1 
month. After two such periods, the serum was assayed 
for antibodies. 
Vitamin B,, 
in man was determined by means of the Schilling test. 
The dose of Co™-vitamin B,.4 administered orally was 
0.5 ug (specific activity approximately 2 wc per wg) and 
the “flushing” dose of 1,000 ug of nonradioactive vitamin 
B,. was administered intramuscularly 2 hours after the 


absorption from the gastrointestinal tract 


oral dose. Urine collections were made for at least 24 
hours, and usually for a second 24-hour period at the 
beginning of which a second injection of 1,000 ug of 
vitamin B, was given. The collection of urine 
checked by determining the 24-hour urinary creatinine 
excretion. The test described by Schwartz, Lous and 
Meulengracht (4) for anti-intrinsic factor substances in 
serum was performed by feeding 15 ml of rabbit serum 
or 30 ml of human serum to the subject immediately 
before oral administration of an aqueous mixture of hog 
IF and Co*-vitamin B,,. 

To study the electrophoretic mobility® of intrinsic 
factor, 0.25 ug of Co®-vitamin B,, and 10 mg of the hog 
pyloric extract were dialyzed against water at 4° C for 
24 hours. The dialyzed material was mixed with serum 
from immunized and nonimmunized rabbits, and electro- 
phoresed on Whatman no. 3 paper by a modification (10) 
of the technique of Grassmann and Hannig (11). The 
strips obtained were cut into segments and the radio- 
activity determined in a well-type scintillation counter. 
Longitudinal segments of the strips were stained for 
protein with Amidoschwartz 10 B. 

Precipitins were sought by a standard saline precipitin 
technique, with hog IF to which a small quantity of Co®- 
vitamin B,, had been bound (12). The precipitates were 


was 


3 Polyvinylpyrrolidone, K value 60, molecular weight 
160,000, generously supplied by Antara Chemicals Corp., 
Montreal. 

4 Obtained from Merck & Co., Ltd., Montreal. 

5 Electrophoresis performed through the cooperation of 
Dr. B. Rose and Dr. E. McGarry, Royal Victoria Hos- 
pital, Montreal. 


rABLE I 


Schilling tests with hog intrinsic factor (IF) previously 
exposed to diazonium groups 


Passages 
through 
column 


Radioactivity 
in urine 


Substance 
administered 


Bie 
Bis = IF 
Bye + IF 
Bi + IF 


washed in 0.85 per cent saline, and radioactivity deter- 
mined. 


OBSERVATIONS 


A solution containing 200 mg of the standard 
hog IF preparation was passed through the dia- 
zotized polyaminopolystyrene column. The in- 


trinsic-factor activity of this preparation was 


markedly reduced by passage through the column 


and was completely abolished by a second passage 
(Table I), thus demonstrating that hog intrinsic 
factor is bound by diazonium groups. 
Rabbit serum studies. Dilutions of 
tained from immunized rabbits, agglutinated ery- 
throcytes coated with hog IF (Figure 1). Un- 
coated erythrocytes, or erythrocytes coated with 


sera, ob- 


beef or hog insulin by the same technique, were 
not agglutinated. The antibody titer was abol- 
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EFFECT ON THE HEMAGGLUTINATION TITER 


RABBIT ANTISERUM WITH HOG AND 


THROCYTES 


ERY 


of the antiserum with a 


solution of hog pyloric mucosal extract; it was 


ished after incubation 
reduced, but not abolished, after absorption with 
a soluble extract of hog muscle. Repeated ab- 
of the 
erythrocytes reduced but did not abolish the titer 
» 


&). 


sorptions rabbit antiserum with hog 


( Figure Absorption of antiserum with 
normal human gastric juice previously dialyzed 
did the 


titration, the coated cells also were exposed to 


against water not alter titer. In each 


serum from nonimmunized rabbits. These sera 


did not agglutinate the coated cells. Several hog 
gastric extracts,® prepared by various techniques 
such as differential solubility, dialysis, and electro 
phoresis, were tested for blocking by this tech 
nique. 

Antiserum absorbed with each of these prepara- 
tions was expt sed to erythrocytes coated with the 
standard hog IF. The preparations with IF ac- 
tivity, as determined by the Schilling test, com- 

blocked the agglutination of the coated 
(data Addition of the 
muscle extract to a potent antiserum reduced the 
1: 10,000 to 1:640 (Table II), 
subsequent absorption of this antiserum with hog 


The 


pletely 


cells not shown). hog 


titer from but 


erythrocytes did not further reduce the titer. 


Abbott 


Ellenbogen, 


Dr. F. C. McIntire, 
Chicago, Ill.; and Dr. L. 
Pearl River, N x. 


® Generously supplied by 


Labs., North 
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rABLE II 


Absorption of rabbit antiserum with hog muscle extract, hog 
erythrocytes, and hog IF; effect on hemagglutination titer 


Treatment of antiserum 


Addition of 
Absorption 
with 
hog 
RBC's 


Hog 
muscle 


Hog 
IF extract 


1:10,240 
0 
1:640 
1:640 
0 


titer was abolished by absorption of the antiserum 


with soluble hog IF. Absorption of the antiserum 
with five other hog pyloric preparations which 
were effective in promoting the absorption of 
Co**-vitamin B,, in nonrefractory patients, in 
doses of 0.5 to 25 mg, abolished this residual titer. 
One hog gastric preparation, which was devoid of 
intrinsic-factor activity, did not abolish this titer. 
The titer which persisted after absorption with 
hog muscle or erythrocytes, and which subse 
quently was absorbed only by hog pyloric ex- 
tracts possessing intrinsic-factor activity, was 
considered as probably representing antibodies to 
hog intrinsic factor. 
Human serum studies. The sera of six patients 
who had become resistant to oral therapy while 
receiving a hog IF preparation were tested by 
this technique. The titer of the antibodies found, 


rABLE III 


antibody titers and urinary excretion 


* 


Refractory patients ; 
of Co®8-vitamin By» (per cent of oral dose) 


Schilling test 


Intrinsic factor administered 
with vitamin Bi 


Hog IF NHGJ 


14. 
11 


6 
1 
+ 
16.0 
th Ee 
13.5 


Che data shown correlate the 7m vitro titer of hemag- 
glutinating antibodies with the results of Schilling tests in 
six refractory patients. The excretion values represent 
the © dose of Co®’-vitamin By». excreted in the urine when 
the B;2 was administered alone, with hog pyloric extract 
(hog IF) and with 40 ml of neutralized normal” human 
gastric juice (NHG]). 

t At inception of therapy, patient responded optimally 
to oral vitamin By». and hog II 





ACQUIRED RESISTANCE TO HOG 


together with results of Schilling tests, are shown 
in Table TI. 


titer of hemagglutination that could be abolished 


The titers described represent the 


by prior absorption of the serum with hog IF. 
Antibodies were present in five patients but at a 
high titer in only one. The immunologic prop- 
erties of the antibodies found in the serum of the 
patients with a titer of 1: 100 are summarized in 
Other sera gave the same pattern of 
The 


by the addition of soluble hog IF 


Figure 3. 
immunologic properties. antibodies were 
neutralized 
(Figure 3) but were not affected by absorption 
with soluble hog muscle extract or with normal 
human gastric juice. In each hemagglutination 
experiment, antibodies were sought in serum ob- 
tained from patients with pernicious anemia who 
had not become refractory to oral medication, or 
who had been treated only with injections of 
vitamin B,,. Sera from 20 such patients were 
tested. No 
found in any of these sera, nor 


hemagglutinating antibodies were 
was any detected 
in sera obtained from 10 normal subjects. 

Other immunologic procedures. During elec- 


trophoresis of a mixture of normal rabbit serum 
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OF PRIOR ABSORPTION OF HUMAN SERUM WITH HOG IF AND 
HOG MUSCLE EXTRACT. As shown here, high concentra- 
tions of human serum occasionally caused agglutination of 
the coated erythrocytes, which could not be prevented by 
absorption of the serum with hog pyloric extract. As de- 
scribed in the text, the antibody titer was defined as the 
titer of hemagglutination that could be prevented by ab- 
sorption of the serum with hog IF. 
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PAPER ELECTROPHORESIS OF HOG IF WITH NOR 


Fic. 4. 
MAL AND IMMUNE RABBIT SERUM. Co”™-vitamin B,. bound 
to hog IF migrated with the S-globulins of normal rabbit 
serum (upper) ; with immune serum, it migrated with the 


y-globulin (lower). 


and hog IF, the vitamin B,,-binding protein mi- 
With 
) 


immune rabbit serum, the B,.-binding peak mi- 


grated with the £-globulins (Figure 4). 
grated with the y-globulins. This suggests that 
the immune rabbit sera contained antibodies that 
combined with the intrinsic-factor portion of the 
hog mucosal extract. This effect was noted also 
after the antiserum had been absorbed with hog 
muscle. 

When 
mixed with a hog pyloric extract in saline, op- 
timal precipitation occurred at a dilution of 1: 2. 
All of the 


recovered in the supernatant, suggesting that the 


serum from immunized rabbits was 


radioactive vitamin B,, added was 
3,.-binding fraction of the pyloric extract was not 
involved in the precipitation reaction. 

The results of Schilling tests performed on non- 
refractory patients with classical pernicious ane- 
mia are summarized in Figure 5 and Table IV. 
These patients were fed rabbit serum and human 
serum, both normal and immune, together with 
Co®**-vitamin B,, and hog IF in various combina- 
tions. A rough correlation appears to be present 
between titers of antibodies present in the human 
sera and degree of inhibition of absorption of 
radioactive vitamin B,, in the presence of hog IF 
(Figure 5). A similar rough correlation appears 
to exist between in vivo activity of the rabbit anti- 
sera and in vitro titer after absorption with hog 
(Table IV). The unabsorbed 


muscle extract 
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Fic. 5. VITAMIN B,, ABSORPTION 


represents studies on one nonrefractory patient. 


titer of antibodies in the immune serum. 


titers of rabbit antiserum did not correlate with 
this in vivo activity. 

An attempt was made to overcome the refrac- 
tory state, by the technique described by Schwartz 
and co-workers (4). <A large quantity of hog IF 
(1,000 mg) was administered to one refractory 
patient (HT). This resulted in the urinary ex- 
cretion in 48 hours of 5.6 per cent of the ad- 
ministered radioactivity (Schilling test). Three 
days later this patient excreted only 0.3 per cent 
3,. was administered 
This 


of the radioactivity when the 
with 100 mg of the hog IF preparation. 
suggests that the inhibition of B,, absorption was 
overcome partially by an excess of hog IF but 
that this did not permit the efficient action of a 
smaller quantity of hog IF 3 days later. 


TABLE IV 
Sequential Schilling tests in one nonrefractory patient; hog 
IF and Co**-vitamin B,. were administered together with 
different rabbit antisera * 


Rabbit antiserum 


Titer after 
absorption 
with hog muscle 


Schilling test 
48-Hour 
excretion 


Total 

Rabbit titer 
no. 
none 

I 1:480 

II 1:480 
II] 1:120 
IV 1:960 
none 


* The hemagglutination determinations were performed 
on two different occasions, and both determinations gave 
similar results. Titers were determined by performing 
halving dilutions on 1:30 dilutions of serum, with and 
without prior absorption with soluble hog muscle extract. 

t Partial agglutination at 1:30; complete agglutination 
at 1:60. 


(SCHILLING) 
EFFECT OF MIXING NORMAL AND “IMMUNE” HUMAN SERUM WITH HOG IF. 
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Bi2 
> Bi2 + 1F 


> Bi2 + IF + 
NORMAL SERUM 
>Bi2 + 1F + 
IMMUNE SERUM 
> Bia + LF 


TESTS IN PERNICIOUS ANEMIA PATIENTS: 


Each set of bars 
Figures beneath the diagrams -indicate the 


Thus, the antibodies detected in the sera of the 
immunized rabbits were partially absorbed by hog 
erythrocytes or hog muscle protein, but were 
completely neutralized only by hog pyloric ex- 
tracts possessing intrinsic-factor activity. These 
antibodies combined with the vitamin B,.-binding 
portion of a hog pyloric extract and altered its 
electrophoretic mobility. The antibodies detected 
in the sera of five of six patients who were refrac- 
tory to hog pyloric material were not absorbed by 
nongastric hog protein or by human gastric juice, 
but only by hog preparations with intrinsic-factor 
activity. Sera obtained from nonrefractory pa- 
tients with pernicious anemia and from normal 


subjects did not contain such antibodies. 


DISCUSSION 

The ingestion of partially purified hog pyloric 
extracts over a prolonged period elicits antibody 
formation in some subjects. As described in a 
preliminary report of these studies (13), the anti- 
bodies appear to combine with the intrinsic-factor 
portion of hog pyloric material to render the hog 
preparations ineffective in promoting vitamin B,, 
absorption. Unlike the antibodies described by 
others, they do not react with human gastric juice, 
and this material promotes absorption of vitamin 
3,, in refractory patients. 

The precipitins which appear in the sera of 
rabbits immunized with hog pyloric mucosal ex- 
tracts appear to precipitate proteins other than 
those that bind vitamin B,.; i.e., intrinsic factor. 
This may explain the irregular correlation be- 


tween precipitin titers and in vivo activity found 


by Taylor and Morton (14). 





\CQUIRED RESISTANCE TO HOG INTRINSIC FACTOR: 


Schwartz and colleagues (4) have postulated 
hog intrinsic factor-neutralizing antibodies in the 
sera of refractory patients, because they absorb 
vitamin B,, mixed with human and rat gastric 
juice, and with massive doses of hog intrinsic 
factor, but do not absorb B,, with wild-boar 
gastric juice or with small doses of hog intrinsic 
factor. They have also demonstrated that serum 
from such refractory patients appears partially to 
neutralize the activity of hog IF concentrates and 
human intrinsic-factor preparations when fed, to- 
gether with such substances, to nonrefractory pa- 
tients. This test for intrinsic factor-neutralizing 
substances in the serum is crude, and the results 
do not always correlate with the refractory state 
(46). 


ing antibodies described probably are associated 


Our data suggest that the hemagglutinat- 


with the refractory state. 

Antibody formation to hog intrinsic factor re- 
quires penetration of the intact intrinsic-factor 
protein into the body. Antibody stimulation by 
orally administered nonliving antigens has been 
reported (15, 16). 
of antibodies that could be absorbed 


In human serum, the absence 
with non- 
gastric hog protein suggests that it is only the 
intrinsic-factor portion of the extract that enters 
the body. The absence of a demonstrable titer of 
antibodies in the serum of one refractory patient 
may imply that the antibody is present only in the 
mucosal cells, or that the circulating antibody titer 
was too low to be demonstrated by the present 
technique. 

The demonstration by Schwartz and co-workers 
(4), that the refractory state is uncommon in pa- 
tients receiving crude preparations of hog pylorus, 


may be explained by a less ready penetration of 


the intestinal mucosa by intrinsic factor in the 
presence of large quantities of other proteins. 
Another explanation would be to postulate the 
breakdown of a macromolecule of intrinsic factor 
into smaller active units which may more rapidly 
be absorbed intact from the gastrointestinal tract. 

Glass, Stephanson, Rich and Laughton (17) 
have suggested that intrinsic factor may be a small 
molecule, bound to a larger molecule. In the 
purification procedures, the bond between the in- 
trinsic factor and its carrier might be weakened, 
and one or the other molecule might be more 


readily absorbed into the body to stimulate anti- 
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body formation. If this were true, then antibodies 
against either the intrinsic factor or the carrier 
protein might inhibit vitamin B,., absorption. 
The observation that patients treated with crude 
hog preparations absorb vitamin B,,, but usually 
do not develop antibodies to hog intrinsic factor, 
suggests that the intrinsic factor does not pene- 
trate the intestinal mucosa in these subjects. This 
that the 


necessarily accompanied by an immunologically 


vitamin B,, absorbed is not 


indicates 
active portion of the intrinsic factor. 


SUMMARkY 


Antibodies that will react with hog pyloric 


mucosal extracts have been demonstrated by 


means of a hemagglutination technique. These 
antibodies do not react with normal human gastric 
juice, hog erythrocytes, or hog muscle protein. 
They have been found in sera obtained from rab- 
bits immunized with an extract of hog pyloric 
mucosa, and in sera from certain patients with 
pernicious anemia who had become resistant to 
oral therapy with hog gastric extracts, but they 
have not been found in nonrefractory patients or 
in normal subjects. 

Human and rabbit sera containing these anti- 
bodies, when mixed with hog IF and vitamin B,. 
and fed to nonrefractory patients with pernicious 
anemia, inhibited the absorption of vitamin B,, to 
a degree approximately proportional to the in 
vitro antibody titer. 

The properties of these antibodies are con- 
sistent with the hypothesis that they may be 
responsible for acquired resistance to oral therapy 


with hog gastric material in pernicious anemia. 
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THE BINDING OF ALDOSTERONE TO 


PLASMA PROTEINS IN 


NORMAL, PREGNANT, AND STEROID-TREATED WOMEN * 
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MEYER, DONALD S. LAYNE, JAMES F 
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(From 


(Submitted for publication February 


that both 
cortisol and corticosterone are bound in plasma 


There is now abundant evidence 
to a protein with high affinity and low capacity 
(probably an a-globulin termed transcortin) as 
(1-10). It 


either the 


as to albumin has also been 
that 
cortin or its affinity for cortisol is increased in 
10), 


although one group (10) has not found increased 


well 


shown concentrations of trans- 


pregnancy and after estrogen treatment (4, 


binding of tracer amounts of cortisol in pregnancy. 
Preliminary studies by Mills, Chen and Bartter 
(7, 8) indicated that aldosterone is bound to pro- 
teins other than albumin to a much lesser ex- 
tent than is cortisol. Sandberg, Slaunwhite and 
Carter (9) reported an appreciable binding of 
aldosterone in diluted plasma dialyzed against 
albumin at 4° C. The aldosterone was readily 
displaced from the binding protein by the addition 
of cortisol, while cortisol binding under similar 
conditions was not significantly reduced by the 
addition of physiological amounts of aldosterone 
(F}. 
Daughaday, Holloszy and Mariz (10) reported 
that at 37° C 
binding of aldosterone to proteins other than 


During the preparation of this manuscript 
they could not demonstrate any 


albumin in the plasma of normal women or in that 
of pregnant subjects and women treated with es- 


trogen, but they found appreciable binding of 


aldosterone to such a protein in normal plasma at 
=” <.. 


the binding of aldosterone in normal plasma, ob- 


The present paper gives detailed data on 


tained by a microdialysis technique with 7-H?*- 
aldosterone of high specific activity (20 pe per 
wg). Plasma from pregnant subjects and from 
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( Massachusetts a grant from Mrs. 
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ergy Grant AT (30-1) -918. 

+ Trainee in the Program for Steroid 
supported by Grant 5001 of the National Cancer Institute. 


Division) Inc., by 


Biochemistry 


The Worcester Foundation for Experimental Biology, Shrewsbury, Mass.) 
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women treated with Enovid'! was also studied. 
The results, in agreement with those of previous 
workers (7-10), indicate that the binding of aldo- 
sterone to a protein other than albumin (hence- 
less 


forward termed relative binding) is much 


than in the case of cortisol. They provide evi- 
dence, however, that there is significant binding to 
such a protein or proteins in both normal and 
and 4° C, and that 


this relative binding is considerably increased by 


pregnant subjects at both 37 
treatment with Enovid. 


MATERIALS AND METHODS 


Subjects. The treated with Enovid were 


chronic female schizophrenics in an open ward at. the 
Worcester State Hospital. 
of the oral medication for 24 days, followed by 6 days 


patients 
Each received 10 mg per day 
Each patient had completed at least 


Blood 
samples were taken between Days 18 and 22 of treatment. 


without treatment. 
two such cycles before being used in this study. 


Some of the control subjects were also inmates of this 
No differ 


ences in plasma-binding capacity for cortisol, or in any 


ward while others were normal volunteers. 
other factors applicable to this study were observed be- 
tween the volunteers and the control inmates. Blood was 
drawn from the controls between Days 18 and 22 of the 
menstrual cycle. Plasma from women in the third tri- 
mester of pregnancy was kindly made available by Dr. 
Brian Little of Boston City Hospital. 
were drawn into heparinized tubes and the plasma sepa- 
When 


No change in 


All blood samples 


rated immediately by centrifugation. necessary, 


plasma was stored at --10° C before use. 
binding capacity for either cortisol or aldosterone was 
observed after storage for up to 3 weeks. Penicillin G 
(10,000 units) (Eli Lilly) was added to all plasmas. In 
agreement with Slaunwhite and Sandberg (3), this did 
not affect binding values. 

Since most of the dialyses were carried out at 37° C for 
22 hours the effects of penicillin-resistant bacterial con- 
tamination are an important consideration. However, the 


concentrations of radioactivity followed a smooth curve 


1A mixture of 98 per cent norethynodrel, 17a-ethynyl- 
178-hydroxy-5(10)-estrene-3-one and 2 per cent of the 
3-methyl ether of 17a-ethynyl-estra-1: 3: 5(10) -triene-3, 


178-diol. 
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ith time and reached a plateau from 18 to 22 hours. It 


dialytic process and bacterial 


seems unlikely that the 


breakdown of the complex would be in exact equilibrium 
during this time, although the decrease in concentration 
the inner chamber after 22 hours may be due to bac- 


terial action. There was also no evidence of conversion 


of steroids during the dialysis, and the results for cortisol 
binding agree with those determined by ultrafiltration 
methods (7, 8) which can be carried out in a shorter time. 

Veasurement 


of plasma or 1 ml of plasma diluted to 3 ml with 0.9 per 


binding or relative binding. Three ml 
cent saline, together with two Teflon-coated ball bearings, 
was placed in the inner chamber of a dialysis cell as de- 


Kalant (11) A Cellophane 


tied over the inner portion of the cell with cotton thread. 


scribed by membrane was 


Che Cellophane was stored in distilled water and a new 


membrane was used for each determination. Twenty ml 


of 0.9 per cent saline or of a solution of human serum 
albumin in saline was placed in the outside chamber, and 
inert steroids dissolved in 1.0 ml of saline 


The 7-H 


7-H*-cortisol (28 uc per ug) 


radioactive or 
were added to this chamber aldosterone (20 
uc per wg) or used was 
prepared and tested for radiochemical purity as previously 
16-H (a2)... 22 


Marcel Gut; this steroid was purified by 


partition chromatography on Celite and tested by paper 


described for steroids estrone was do- 


nated by Dr 
steroids were at least 98 


chromatography. All isotopic 


per cent pure according to these criteria. The albumin 
Commonwealth of 


Health, 


100 ml solu 


supplied by the 
Public 


bottles containing 25 ¢ in 


used routinely 


Massachusetts, 


Was 
Department of Biolog 
Laboratories 2 i1 


tion, stabilized with 0.02 M sodium caprylate and 0.02 M 
acetyltryptophanate. This 
, 


udged by paper electrophoresis 


sodium albumin was 


cent pure as | Before use 
the albumin solution was placed in a Cellophane bag and 
hours against a 


dialyzed on a mechanical shaker for 24 


continuously replenished solution of physiological saline 
This procedure removes a Porter-Silber chromogen which 


( Table 


IV) were carried out with albumin that was 100 per cent 


was present in the albumin. <A few experiments 


pure electrophoretically The difference in the re sults 


for the 100 and 98 per cent pure albumin were not great 
enough to affect the interpretation of the results, although 


they should be noted. In some cases the albumin content 


of individual plasmas was determined by the color pro- 
duced with 2-(4’-hydroxybenzeneazo) benzoic acid (13), 
pure human serum albumin serving as standard. 

Dialysis was performed for 22 hours at 37° or for 36 
hours at 4° C, the cell being continuously agitated on a 
shaker These 


preliminary experiments with normal plasma showed that 


mechanical times were chosen becaus¢ 


bound at 
18 and 22 


the percentage of aldosterone (and of cortisol) 
jae 


hours 


reached a constant maximum between 
After this the amount bound decreased, probably 
At 4° C the 


36 hours. 


due to breakdown of the complex. rise to 


maximal binding was obtained after The per 


centage bound then remained constant for an indefinite 


Larsen for making 


2 We are indebted to Mr. Lewis H 


the albumin available and for advice on its purity 


constant concentration aiter 36 hours at 4° ¢ 


was also found when steroid was added to albumin and 
dialyzed against saline. 

After equilibration an aliquot of 0.6 ml of the material 
in each of the inner and outer chambers was placed in a 
counting vial with 6 ml of ethanol, and 10 ml of scintilla 
tion fluid which contained 4 g diphenyloxazole and 100 
mg 1,4-bis-2-(5-phenyloxoly1) 
(14) was added. 


Pricarb liquid scintillation spectrometer for the time nec- 


benzene per L_ toluene 


The vials were counted in the Packard 


essary to obtain at least 5,000 counts per vial, and the 
percentage binding or relative binding of the added steroid 
was determined from the formula: 


Co 
‘), bound (1 - 100 
Cy 


where C; and Co were, respectively, the counts in the 0.6- 


ml aliquots from the inner and outer chambers. Since 


aldosterone (and also cortisol) were shown by paper 


chromatography to be unchanged after dialysis, it was 
considered valid to count the aliquots directly without 


No individ 


ual quenching correction was used in counting the sam- 


prior purification of the radioactive steroid 


ples, since this was found in several preliminary experi- 
ments to be the same for all the aqueous phases used. 

method 
relative binding by the ratio of the counts in equal ali- 


r 


Errors of the The measurement of binding or 
quots from the inner and outer dialysis cells has the 
that the 
the chambers except as a second-order 


advantage result is independent of volume 
changes between 
effect, since in the above formula only concentration terms 
affect the 


concentration 


are involved. The change of volume could 


binding estimates insofar as the protein 


would alter. However, in certain experiments the volume 
changes were measured and in all cases found to be less 
than 10 per cent. This alteration in protein concentration 
would not be expected to affect the interpretation of the 
results, judged by the control experiments to be described 
later. 

The method is subject to errors from the counting pro 
cedure and from any leakage that might occur around the 
dialysis membrane. Consistently high binding figures 
(> 90 per cent) in some experiments indicated that leak 
age was not important routinely. Consistent recoveries 
of 95 per cent of the radioactivity added indicated that 
binding of the radioactive steroid to the membrane was 
not an important factor. In any case, such binding would 
not affect the ratio of the counts in the two chambers, 


although it could theoretically be important if aliquots 


were continuously withdrawn for counting. For any 


given determination of binding or relative binding the 


coefficient of variation (¢) may be expressed as 


100 % binding 
100 


where K is the coefficient of variation in the determina 
tion of Co/Cr which is assumed to be constant for the high 
counting samples used in this work. In several experi 
ments where triplicate determinations were carried out on 


the same plasma which bound 10 per cent of the H’-aldo- 
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rABLE I 


Per cent relative binding of 7-H*-aldosterone to human plasma 
at 37° C; effect of different amounts of steroid 


Inner chamber 
Plasma, ml 

Outer chamber 
Albumin, % 
7-H3-aldosterone, mug 
Inert d-aldosterone, myg 


4.3 
0.2 
3,000 


9 
13 


Control 
Subjects 


Mean 


Enovid-treated 
subject 


sterone, the coefficient of variation of the mean value was 


estimated statistically at about 6 per cent. Thus: 


100 X 6 
90 


By using this value of A, o for other experiments may be 


calculated. Hence for triplicate determinations giving 
mean values for percentage binding of 10, 20, 30, and 50, 
the true result wWet6 255 
30 + 4.6, and 50 paper all 


quoted are the means of triplicate determinations, and a 


will be, 


respectively, 


3.3. In the present values 


result of 10 per cent or greater is regarded as significant 


rABLI 


cent relative binding of 7-H®-aldosterone and 7-H*-cortisol to human pla 


Inner chamber 
Plasma, ml 
Saline, ml 


Outer chamber 
Albumin, % 
7-H3-aldosterone, my 


Inert d-aldosterone, mu 


Control subjects 


Mean 


Enovid-treated E 
patients I 
G 

H 


Mean 


Pregnant subjects 


Subject in early 
pregnancy 
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binding of the radioactive steroid for an individual plasma 


sample 


RESUL 


TS 


Influence of quantity of steroid on per cent 
binding. Table I shows the per cent relative bind 


ing of 7-H*-aldosterone in plasma after dialysis 


against 4.3 per cent albumin. This concentration 


of albumin was approximately equal to that in 
normal plasma as judged by colorimetric deter- 
minations on plasma by the method of Rutstein, 
; 0.2, 10.2, and 3,000.2 


Ingenito and Reynolds (13) ; 0.2, 
myg aldosterone were added to the dialysis cell 
together with plasmas from three normal subjects 
and one plasma from an Enovid-treated patient. 


all 


binding when 0.2, 10.2, 


In cases, the difference in cent relative 


per 
and 3,000.2 myg of steroid 
\lso, normal 
plasmas with 1.0 mpg 7-H*-aldosterone (Table 
[i ) 3.0 (Table III) were 
dialyzed against 5 per cent albumin. No differ- 


ence in binding was observed and therefore 1.0 


were added was negligible. four 


and three with 


Mpg 


mpg or, more conveniently, 3.0 myg of radioactive 
aldosterone was used routinely in order to reduce 


the counting time necessary for individual sam- 


I] 


mad at 3 
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Although the quantities added routinely are 


ver 100 ml of plasma 


ples. 
therefore 0.033 or 0.1 yng 
(giving much lower concentrations in the cham- 
hers after dialysis) these would still be lower than 
the normal plasma concentration of aldosterone or 
that attained in subjects on a low-salt diet (15), 
and the results above indicate that the per cent 
binding will be the same as if only negligible 
amounts of radioactive aldosterone had been 
added. 
Relative 
The results in Table II 


binding of aldosterone in normal 


plasma. show that the 
binding of aldosterone to normal plasma diluted 
with saline and dialyzed against 1.6 per cent 
albumin is —9 to 17 per cent (mean 8.5) for four 
subjects. a result which is probably not signifi- 
cantly above zero. The binding of cortisol to the 
same plasmas under the same conditions was 71 
to 77 per cent, which is of the same order as that 
obtained by Slaunwhite and Sandberg (3) who 
used a similar technique and the same tempera- 
ture. Even when undiluted plasma was dialyzed 
against 5 per cent albumin, the per cent binding 
of aldosterone was much less than that of cortisol 
in diluted plasma. These results support the con- 
clusions of previous workers (7-10) that the bind- 
ing of aldosterone to proteins other than albumin 
is small compared with that of cortisol. 

Altogether 
(Tables I] and III) were dialyzed against 5 per 


seven normal undiluted plasmas 


cent albumin at 37° C and the per cent binding 
16.4 2+22 (SE). 


less than 8 per cent. 


No individual value was 
At 4 


of three plasmas was 82, 86, and 75. 


Was 
C the per cent binding 
This increase 
of binding at low temperature parallels that ob- 
served for the binding of cortisol to transcortin 
(3) fact that 
hound to proteins other than albumin, since the 


and confirms the aldosterone is 
hinding of aldosterone to albumin is largely inde- 
pendent of temperature (Table IV), in agreement 
with the results of Daughaday and co-workers 
(10). 

Colorimetric estimation (13) on several plas- 
mas indicated an albumin content of 4.3 per cent 
for normal plasma and lower values in pregnant 
The 


not considered extremely accurate, however, and 


and Enovid-treated subjects. method was 
even though dialysis was performed against 5 per 
cent albumin, the question arose of whether the 
values obtained for aldosterone binding could have 
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been caused by a greater concentration of albumin 
in the inner than the outer chamber. This possi- 
bility is illustrated by the insignificant aldosterone 
relative binding obtained when diluted plasma, the 
albumin concentration of which was about 1.3 per 
cent, was dialyzed against 5 per cent albumin 
(Table II), 
aldosterone to albumin dialyzed against saline (50 
Table IV), 


It was therefore thought nec- 


and by the appreciable binding of 
per cent, which is of the same order 
as that of cortisol. 
essary to do other experiments to examine the 
possible effect of differing albumin concentrations 
in the two chambers. Estrone has been reported 
to be bound strongly to albumin and, to a negligi- 
ble extent, to other proteins (3). Although we 
have found that when 1 to 3 myg of estrone (20 
pe per pg) is added to 3 ml of plasma, binding to 
other proteins can be appreciable, we have con- 
firmed the high binding of the steroid to albumin 
(90 per cent, Table IV) under several conditions 
of dialysis. If the amount of estrone is raised to 
10.0 pg per 3 ml plasma (initial concentration), 
the binding to albumin is unchanged (Table IV) 
while that to other proteins is reduced to very 
(Table III). At this concentra- 


tion estrone can therefore be used as an indicator 


small amounts 


of albumin binding. 


Table III shows results obtained with three 


plasmas in which the binding capacity for aldo- 


sterone and for estrone (10 pg per 3 ml) was 
measured by dialysis against 5 per cent albumin. 
The per cent binding of aldosterone at 37° C was 
17, 24, and 13, and the corresponding values for 


estrone were —1, 8, and 4. The values for per 


TABLE Ill 


cent relative binding of aldosterone and estrone to plasma 
of control subjects at 37° and at 4° C 


Inner chamber 3 ml Plasma 3 ml Plasma 

Albumin 5% Albumin 

5.0 mug 16-H#-estrone 
10 wg inert estrone 


Outer chamber 5% 
3.0 mug 7-H? 
aldosterone 


Mean 
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rABLE 
Per cent binding of radioactive steroids to albumin 


Inner chamber 
\lbumin, “% 1.6 5 
5 myg 16-H4 
estrone in 
saline 


5 mug 16-H3 
estrone +10 ug 
Inert estrone 
in saline 


Outer chamber 


83 92 93t 
90 93 95t 


ALDOSTERONE TO 


PLASMA PROTEINS 1667 


IV 


i 


5 5 5 

5 myg 7-H 5 mpg 7-H 

cortisol in aldosterone 
saline in saline 


5 mug 16-H 

estrone + 10ug2 

inert estrone 
in saline 


50t 
56t 


92 48 57f 40 
52 66T 51 


* The first figure in each column represents % binding to the “98% pure” albumin used throughout these experi- 


ments. The second figure, markedT, represents 
paper electrophoresis. 


cent binding of aldosterone at 4° C were &2, 86, 
-30, —74, and —120. 
Negative values presumably reflect a greater con 
The 


increased binding of aldosterone at low tempera- 


and 75, and for estrone 
centration of albumin in the outer chamber. 


ture would be expected if the protein responsible 
behaved like transcortin (3), while the negative 
values for estrone would result from a higher con- 
centration of albumin in the outer chamber, since 
it has been shown (Table IV) that the binding of 
estrone to the albumin used in these experiments 
is increased at low temperature. Because of the 
high binding of estrone to albumin, such increases 
could be clearly demonstrated only when dilute 
solutions of the albumin were dialyzed against 
saline. However, if albumin solutions of only 
slightly differing concentration were present in 
both chambers and the binding were high, then 
the relative binding could have a high temperature 
coefficient. Since the binding of aldosterone to 
albumin is not strongly dependent on temperature 
(Table IV) (10) the high values of binding found 
for this hormone at 4° C must be due to a protein 
other than albumin. 

Relative binding of aldosterone in plasma of 
pregnant subjects. In agreement with the results 
of previous workers (3) the binding of cortisol 
was found to be elevated in plasmas from five 
The 


value for the plasma of one subject in early preg- 


subjects in the last trimester of pregnancy. 
nancy was increased to a lesser extent. However, 
the results for aldosterone relative binding (Table 
II, Figure 1), although significant (17 + 1.7), 
were of the same order as those of the controls 
(16.4 > plasmas. Previous 


in all these 


17) have reported and we have 


? 


) 
workers (16, 


confirmed, that the concentration of albumin is 


lower in pregnancy plasma than in normal plasma, 


© binding to a sample of albumin that was 100% pure as judged by 


so that it is most unlikely that the values obtained 


could be due to binding by albumin. The effect 


of this lowered albumin concentration in the inner 
chamber would be to lower the binding found in 
our experiments, and it is therefore not possible 


to conclude from the result that there is no in- 


crease of aldosterone binding in pregnancy, but 


any such increase is probably very small. 


| X CONTROL VALUES 
50 MEAN VALUE 
| QJ THIRD TRIMESTER PREGNANCY 
| MEAN VALUE ceece 
| QFeARLY PREGNANCY 
© ENOVIO TREATED PATIENTS, 
UNDILUTED PLASMA 
MEAN VALUE __~_~ 
0 ENOVID TREATED PATIENTS, 
DILUTED PLASMA 
MEAN VALUE 


DIALYSED AGAINST 


LASMA 


N 


TERONE 


BINDING OF ALDOS 


Ve 


80 90 100 
% BINDING OF CORTISOL TO DILUTED PLASMA 


< CORTISOL > 
DIALYSED AGAINST |.6 % ALBUMIN 


BINDING NOT 
DE TERMINED 


Fic. 1. THe BETWEEN THE RELATIVE 


ALDOSTERONE IN 


RELATIONSHIP 


BINDING OF UNDILUTED PLASMA (ON THE 


ORDINATE) TO THAT OF CORTISOL IN PLASMA DILUTED 1: 3 


(ON THE ABSCISSAE ) FROM NORMAL, PREGNANT AND 


ENOVID-TREATED WOMEN. All dialyses were performed 
with equal concentrations of albumin in the inner and 
outer chambers of the dialysis cell, except for points 


marked [-]. 


the binding of aldosterone in 1: < 


These points show the relationship between 
3 diluted plasma from 
Enovid-treated women, dialyzed against three times its 
concentration of albumin, to the binding of cortisol in the 
same plasma dialyzed against an equal concentration of 


albumin. 
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Relative binding of aldosterone to plasma of 


patients treated with Enovid. In Enovid-treated 
patients the capacity of the plasma to bind cortisol 
is increased even more than in pregnancy, while 
the aldosterone relative binding in these patients 
was increased above normal under all conditions 


When diluted 


plasma was dialyzed against 1.6 per cent albumin 


of dialysis (Table II, Figure 1). 


the per cent binding was 31+7 (SE). In un- 
diluted plasma dialyzed against 5 per cent albumin 
the value was 40 + 5 as compared with values of 
16.4 +22 


plasmas, respectively. 


and 17 + 1.7 in normal and pregnancy 

The albumin concentrations in the plasma of 
Enovid-treated patients, while not so low as those 
in pregnancy plasma, were lower than those in 
normal plasma, so that the increased binding can- 
not be due to larger albumin concentration in the 
inner chamber. This is further shown by the per 
cent binding of 20 + 4 in diluted plasma (contain- 
ing about 1.5 per cent albumin) dialyzed against 
5 per cent albumin (Table II). The binding of 


aldosterone at 4° C in undiluted plasma dialyzed 


. ‘ . . . 
against physiological saline was over 90 per cent, 


Table V. 


also shows the per cent binding of 


as shown in 

Table V 
aldosterone to diluted and undiluted plasma from 
Enovid-treated subjects after dialysis against 5 
per cent albumin and against saline in both cases. 
was found between the 


\n excellent correlation 


per cent binding of cortisol to diluted plasma 
(dialyzed against 1.6 per cent albumin) and aldo 
sterone to undiluted plasma (dialyzed against 5 
albumin) in normal, and 


per cent pregnant, 


Knovid-treated subjects (Figure 1). This corre- 
lation remained good even when the results for 
aldosterone relative binding in diluted plasma 
(containing about 1.6 per cent albumin) dialyzed 
against 5 per cent albumin were plotted against 
the results for cortisol binding in diluted plasma 
dialyzed against 1.6 per cent albumin. These 
results are shown in Figure 1 for Enovid-treated 
patients. 

In confirmation of the results of Sandberg and 
(9), obtained at 4° C, it 


that 1.0 pg of aldosterone did not appreciably 


co-workers was found 
reduce the binding of cortisol in a normal plasma 
at 37° C (76 per cent), while 2, 5, and 10 pg of 
aldosterone reduced this binding to 68, 56, and 48 


per cent, respectively. Similar amounts of cortisol 


TAIT 


AND PINCUS 


TABLE \V 


Per cent binding of H*-aldosterone to plasma of Envoid- 
treated patients at 36° and at 4° C; dialysis against 
albumin and against saline 


Inner chamber 
Plasma, ml 1 1 3 3 
Saline, ml 2 2 

Outer chamber 5% Albumin 

1 mug H- 
aldosterone 


Saline 
3 mug H 
aldosterone 


Saline 5% Albumin 
i mug H3 3 mug H3 
aldosterone aldosterone 


30 48 44 70 
92 93 98 


consistently produced much greater reduction in 
the percentage binding of 7-H*-cortisol to normal 
plasma at 37° C. However, the binding of aldo- 
sterone to the plasma of an Enovid-treated patient 
(38 per cent) was not affected by the addition of 
2 pg of cortisol but was reduced to 30, 19, and 15 
per cent when 5, 10, and 20 yg of cortisol, respec- 


tively, were added to the plasma. 


DISCUSSION 


The above results provide strong evidence that 
there is a significant binding of aldosterone to a 
protein or proteins other than albumin in human 
plasma. The results are in agreement, qualita- 
tively at least, with those of Sandberg and col- 
The 


latter found no binding of aldosterone to proteins 


leagues (9) and the Daughaday group (10). 


other than albumin in normal, pregnant or estro 
gen-treated subjects at 37° C, although they re 
ported a binding at 4° C. In the present experi- 
ments we found a definite binding of aldosterone 
to plasma proteins other than albumin in control 
and pregnant subjects at 37° C. This binding 
was increased by treatment with Enovid, and in 
control plasma the binding of aldosterone was 
very much increased by lowering the temperature 


to 4° C. 


results and those of Daughaday and co-workers 


The slight discrepancy between our 


could be explained by differences in the sensitivity 
of the methods used. In our studies the binding 
of aldosterone in normal subjects at 37° C, while 
significant, was small, and it is possible that the 
method of the Daughaday group did not detect 
this binding; their result, a lowering of aldoster- 
one binding at 37° C from 63 to 58 per cent on 
addition of cortisol, also indicates this possibility. 

The nature of the proteins binding aldosterone 


has not been defined in these studies. In normal 
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plasma the capacity of the protein for steroid is 
much higher than is the normal plasma concentra- 
tion of aldosterone (1 myg per 3 ml plasma) since 
3,000 myg of aldosterone had to be added to 3 ml 
of plasma to produce an appreciable lowering of 
the percentage binding, and even this is probably 
not a significant effect. This concentration (min- 
imum after equilibrium, 1 »g per ml) approaches 
the amount of steroid needed to lower the binding 
of cortisol under similar conditions and suggests 
that the protein binding aldosterone may be trans- 
cortin. This conclusion is supported by the re- 
sults in Enovid-treated patients in whom both 
cortisol and aldosterone binding was increased, 
observed between 


and a good correlation was 


these increases. The reduction of cortisol binding 
by aldosterone (although not so great as that pro- 
duced by a similar amount of cortisol) is further 
evidence that aldosterone and cortisol are bound 
to the same protein, which has a greater affinity 
for cortisol than for aldosterone. In pregnancy, 
however, cortisol binding increases while that of 
aldosterone does not, suggesting that the protein 
binding aldosterone is not necessarily transcortin. 
Sandberg and colleagues (9) have shown in nor- 
mal plasma at 4° C that the binding of aldosterone 
is rapidly reduced by the addition of cortisol, but 
we have found that the addition of cortisol, in 
that 
plasma, has no effect on the binding of aldosterone 
ma 3° C 
unlikely, therefore, that the high plasma cortisol 


amounts similar to present in pregnancy 


in Enovid-treated patients. It seems 
levels present in pregnancy account for the failure 
to demonstrate increased binding of aldosterone in 
It is possible that the presence 
affect the 


binding of aldosterone, but protein fractionation 


pregnancy plasma. 
of steroids other than cortisol may 
studies on the plasma will be necessary before 
further conclusions can be drawn. 

The physiological significance of the present in 
vitro results can only be clarified by the investiga- 
tion in pregnant and Enovid-treated patients of 
in vivo phenomena that might be correlated with 
changes in plasma binding of aldosterone, such as 
the volumes of distribution and turnover rate of 
the hormone. Methods for the determination of 
these values have recently been devised, and it has 
been found that in normal subjects injected aldo- 
sterone spreads rapidly into an initial volume of 


25 L and more slowly to 40 L (18). These vol- 
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umes of distribution are much larger than those 
reported for cortisol (19), and the turnover rate 
of aldosterone is much greater than that of cortisol 
(18). 
tribution and turnover rates of the steroids could 


One reason for this difference in the dis- 


be the much stronger binding of cortisol to plasma 
proteins. <A situation analogous to that between 
cortisol and aldosterone has been noted in studies 
of the binding and transport of triiodothyronine 
and thyroxine (20). An increased binding of 
aldosterone in plasma would therefore be expected 
to decrease the volume of distribution and the 
turnover rate of the steroid. From the results of 
the present study no alteration in these values 
would be expected in pregnant as compared with 
(21) 


found no alteration in the urinary excretion of the 


normal subjects. Jones and co-workers 
free aldosterone expressed as a percentage of the 
secretion rate during pregnancy and, assuming 
this parameter to reflect the ratio of the blood 
concentration of the hormone to the secretion rate, 
they suggested that the turnover rate of aldo- 
sterone is probably the same in pregnant and 
Actual 
turnover rate and volume of distribution of in- 


normal subjects. determination of the 
jected 7-H*-aldosterone in four women in the 
third trimester of pregnancy has shown no sig- 
nificant change in these values as compared with 
(22). 


treated subjects a decrease in the turnover rate 


normal subjects In the case of Enovid 
would be expected from the increased binding 
found in the present experiments. This has not 
as yet been investigated. 

The mechanism of action of novid in increas- 
ing the binding of aldosterone and cortisol in 
It is 
not known whether this activity is correlated with 
The 


major point of the present studies was to demon- 


plasma will be the object of further studies. 


its estrogenic or progestogenic potency. 
strate for the first time that under certain condi- 


tions the binding of aldosterone could be in- 


creased, and that this effect was correlated with 


increases in transcortin activity. 


SUMMARY 


The binding of 7-H*-aldosterone to proteins in 
human plasma has been investigated by a micro- 


dialysis technique. The percentage relative bind- 


ing of physiological amounts of aldosterone to 
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undiluted plasma of normal women after dialysis 


against 5 cent human serum albumin was 


164 += 2.2 


pregnancy plasma were 17 


per 
(SE). Corresponding values for late 


LJ, 


treated with Enovid the percentage relative bind- 


and for women 


ing was 40 + 5. These values are much smaller 


than those obtained for the percentage binding 
of cortisol to plasmas obtained from the same 
subjects. 

It has also been found that aldosterone and 
cortisol are bound to albumin to about the same 
extent. However, dialysis of 7-H*-aldosterone at 
37° and at 4 


of albumin provided evidence that the binding ob- 


C against different concentrations 


tained in plasma dialyzed against albumin was not 
due to differences in the concentration of albumin 
in the plasma and in the outer dialysis chamber. 
Similar experiments with labeled estrone con- 
firmed this conclusion. 

The results are therefore interpreted as strong 
evidence that there is significant binding of aldo- 
sterone in human plasma to a protein or proteins 
other than albumin. Any increase of this binding 
during pregnancy is probably small, but there is 
a marked increase in relative binding after treat- 


ment with Enovid. 


ADDENDUM 


In five subjects treated with 0.3 mg per day of ethinyl! 
estradiol 3-methyl ether the mean percentage binding of 
and 38 per cent, re 
those 
10 Three patients on 

1 


per day of ethinylestradiol 3-methyl ether showed 


cortisol and of aldosterone was 89 


spectively. These values resemble obtained witl 


a dose of mg per day of Enovid 
0.1 
no increase in relative binding of aldosterone 
that the 
Enovid is probably due to its estrogenic po 
to the that the 


mg 
Tl ese Te- 
sults indicate increased binding of aldosterone 
by 

The 


effective estrogen levels in the pregnant subjects did not 
to the 


caused 


tency authors incline conclusion 


reach the threshold needed raise plasma binding 


f aldosterone 
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Insulin unresponsiveness may be associated 
with a multitude of conditions and reflect diverse 
etiologies GbE In most cases of chronic insulin 
resistance it has been possible to demonstrate in- 
sulin antagonists in the plasma which have many 


(2-4). The 


resistance to insulin has usually been attributed 


of the characteristics of antibodies 


to these antibodies, but several cases of insulin 


resistance associated with increased amounts of 
insulin in the plasma have been reported (5-8). 


In these cases tissue unresponsiveness was postu- 
In all of 


demon- 


lated as the cause for the resistance. 
these cases circulating insulin could be 
strated only at a time when the patients were 


receiving large doses of exogenous insulin, and 


therefore the insulin in the plasma probably rep- 


resented injected insulin. We recently have had 
occasion to study a patient with severe insulin 
resistance whose plasma contained large amounts 
of insulin 3 months after her last known injection. 
Over the ensuing 18 months she had a gradual 
but both 
The 


on 


and 
this 
which 


complete remission of diabetes 


insulin unresponsiveness. purpose of 


paper is to report studies this case 
indicate that the insulin-like activity in her plasma 
did, in fact, represent endogenous insulin and that 
the cause for her insulin resistance was probably 
due to decreased tissue responsiveness to the hor- 
mone. The explanation for her remission is un- 
known, although there are occasional reports in 
the literature of spontaneous remission in severe 
diabetics (9). As far as we know this is the first 
reported case of insulin-resistant diabetes asso- 
ciated with greatly increased levels of endogenous 
insulin 
METHODS 

T he 
Fed rats weighing between 120 and 170 ¢ 
a blow the head; 

7 


rapidly and 


rat hemidiaphragm studies were done as follows. 
killed by 


removed as 


were 
on the diay hragms were 


with as little trauma as possible. Each hemi- 


1, 1961; accepted April 21, 1961) 


diaphragm was trimmed, blotted, weighed on a torsion 
balance and then put into a flask holding 2 ml of incuba- 
tion medium which contained 0.5 ml of 1,000 mg per 100 
ml glucose in Krebs-Ringer bicarbonate buffer (pH 7.4), 
variable amounts up to 1 ml of dialyzed plasma to be 
buffer to 
When standard insulin solu 


tested, and enough Krebs-Ringer bicarbonate 


make the final volume 2 ml. 
tions were tested, appropriate dilutions of a stock insulin 


(40 U 


bicarbonate buffer. 


solution per ml) were made with Krebs-Ringer 


Control flasks with the appropriate 
amount of plasma or buffer but without tissue were in 
the 


The flasks were gassed with 


cluded in each experiment for the determination of 
initial glucose concentration. 
95 per cent O. and 5 per cent CO, and incubated for 90 
minutes at 37° C on a Dubnoff metabolic shaker. (Glucose 
concentrations were measured on duplicate 0.5 ml aliquots 
with glucose oxidase (Gluco- 
The 
between the initial and final glucose concentration was 
the 
glucose uptake per gram of muscle. 


of the incubation medium 


stat, Worthington Biochemical Corp.). difference 


calculated and results expressed as milligram of 


In each experiment 
the test samples of plasma and insulin standards were 
assayed in triplicate Glycogen deposition in the rat 
diaphragm at the end of the incubation period was meas- 
ured by the anthrone method (10) 

Protein fractionation of plasma was done by  starcl 
block electrophoresis and veronal buffer (pH 8.6), ionic 
\fter electrophore sis the block was 
the 
concentration 


at 284 mu in the 


strength 0.05 (11). 


cut into 1 cm segments and protein recovered by 


centrifugation. Protein was determined 


either by ultraviolet absorption eck 
man DU spectrophotometer or by the modified method of 
(12). 


were combined, dialyzed against distilled water and then 


Folin Protein solutions of two adjacent segments 


Krebs 
the 


The resulting protein dissolved in 
buffer 
hemidiaphragm system for insulin-like activity 
the tested. In 
experiment 20 wU of insulin- \bbott 
added to 1 prior to 
In this experiment the plasma fractions 


lyophilized. 


Ringer bicarbonate was assayed in rat 


Equal 
various fractions were 


volumes of one 


I obtained from 


Laboratories was ml of plasma 
electrophoresis. 
were also assayed for radioactivity in a well-type scintil- 
lation counter and counted to an accuracy of 5 per cent. 

The rate of disappearance of insulin-I™ was measured 
as follows: 40 uc of ( Abbott 
0.25 U of rapidly 
venously. Blood samples were obtained just before and 
at 2.5, 15, 30, 60, 120, 180, and 240 minutes and 24, 48, 


insulin-1” Labs.), repre 


senting insulin, was injected intra- 
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and 72 hours after the injection. Thyroid utilization of 
iodide was blocked with methimazole (Tapazole). The 
trichloroacetic acid (TCA )-precipitable radioactivity was 
determined according to the method of Mortimore, Tietze 
and Stetten (13). 


tinguish denatured TCA-precipitable insulin-I’" from un 


Since no attempt was made to dis 
damaged insulin-I*", the latter part of the disappearance 
curve may be falsely prolonged (14). 

Adipose tissue from the buttock was obtained by biopsy 
The tissue was immediately sliced 
blotted, 
then each slice put into a flask containing 2 ml of Krebs- 


under local anesthesia. 


with a Stadie-Riggs microtome, weighed and 


Ringer bicarbonate buffer and 250 mg per 100 ml glucose 


with or without insulin. When insulin was present its 


1 U per mi. In the 


usual experiment, incubations were done in quadruplicate. 


final concentration was 0.1, 0.5, or 


Chilling was avoided and the incubation conditions were 
similar to those for rat diaphragms. The glucose uptake 
was calculated as for the rat dia- 
that 
insulin are large and much greater than those detected 


C13): 


per gram of tissue 


phragm studies. It is realized these amounts of 


by rat epididymal fat pad In preliminary ex- 
periments with normal human adipose slices it was found 
that 0.1 U per ml was the smallest insulin concentration 
The trauma to the 
during the biopsy and subsequent slicing may be respon- 


giving a consistent effect. tissue 


sible for this decreased sensitivity. The effect of insulin 
on glucose uptake by leukocytes was measured by the 
(16). 


per ml, used in these studies was not physiologic 


procedure of Weinberg The amount of insulin, 
0.6 U 
but was necessary for the demonstratio.. of an 
effect. 
C™ to C*%O. was kindly performed by Dr. Stanton Segal 
of this Institute (17). 


Insulin antibody plasma was obtained from a patient 


insulin 
The study of the in vivo oxidation of glucose-1- 


with chronic insulin resistance; 0.1 ml of this plasma was 
capable of abolishing the effect of 2 10° U of insulin 
in the rat diaphragm test system (18). Intravenous in 
sulin tolerance tests were performed with glucagon-free 
insulin kindly supplied by Eli Lilly and Co. 


CASE REPORT ! 


This 18 year old Negro female had enjoyed excellent 
health until age 15 when she noted the onset of tiredness, 
A diag- 


nosis of diabetes mellitus was made on the basis of hyper- 


weight loss, polyuria, polydipsia and polyphagia. 


glycemia and glycosuria and she was admitted to the 
West Jersey Hospital in Camden, N. J. 
on a diabetic diet and insulin, but despite increasing the 


She was placed 
dosage to 50 U per day she continued to have constant 
glycosuria and acetonuria, although her symptoms dimin 
ished. She was discharged from the hospital, taking 50 U 
NPH insulin each morning and a diabetic diet. 
of persistent hyperglycemia, glycosuria and acetonuria, 


Because 


1 We are indebted to Drs. Bruce Carruthers and Stan 


ley Spoont, University of Pennsylvania Hospital, for 


referral of this patient and the summary of her hospitali- 
zation at that hospital. 


INCREASED ENDOGENOUS 


INSULIN 


her insulin dosage was gradually increased over the next 


6 months until she was receiving 600 U per day in divided 


doses. During this period she was asymptomatic, had 


regained some weight and had never experienced any 
insulin reactions. She was then referred to the diabetic 
clinic of the University of Pennsylvania Hospital. Over 
. 


the next 3 months the insulin dosage was increased fut 


ther without any apparent change in her glycosuria 
Fasting blood sugars were frequently over 300 mg per 
100 ml. 


valiia 


She was admitted to the University of Pennsyl- 
1958 for Her 


increasing pig 


Hospital in October evaluation. 


system review was negative except for 
mentation of the skin without light sensitivity, of 1 year’s 
duration, and amenorrhea for the same period 

The past history and family history were unremarkable 
except that her paternal grandmother had diabetes ade 
quately controlled with tolbutamide. Physical examina 


tion was normal except for acanthosis nigricans (con- 


firmed by skin biopsy), carotenemia and small, tender 
subcutaneous lumps in the thighs at the sites of insulin 
injections. Initial laboratory data included: hemoglobin 


16.1 g; 
neutrophils, 2 per cent eosinophils, 4 per cent monocytes 


white count 3,900 cells per mm’ with 46 per cent 


and 48 per cent lymphocytes; blood-urea-nitrogen 8 mg 
per 100 ml; fasting blood sugar 186 mg per 100 ml and 
2 hour postprandial blood sugar 351; serum proteins 6.8 
g with 3.1 g albumin and 3.7 g globulin; cholesterol 177 
mg per 100 ml; negative urinalysis except for 4+ glyco- 
suria and acetonuria; normal electrolytes and CO, values ; 
serum carotene 107 ug per 100 ml. 

Attempts were made to control the diabetes by increas- 
ing her daily insulin dosage but without much success 
She continued to have constant glycosuria and acetonuria. 
blood 
sugar was 90 mg per 100 ml after an 18 hour fast and 
6,000 U 


while on 


Once her urine was negative for sugar and her 


insulin. Cortisol therapy was not beneficial, and 
dosage increased to 


Her 24-hour urinary 


steroids, her insulin was 


14,000 U of regular insulin per day. 
292 2 were discon 


excretion of glucose was Steroids 


tinued and metahexanamide (Metahexamide) therapy 


(300 mg per day) was instituted. She continued to have 
hyperglycemia on this therapy and insulin was increased 
to 38,000 U per day. 


24 hour urinary glucose output ranged from 109 to 190 g 


Despite this amount of insulin her 


At this point insulin and metahexanamide therapy was 
discontinued and she was treated with 200 mg phenethyl] 
(DBI) 


creased to approximately 245 g 


biguanide daily. Urinary glucose content in- 
per 24 hours, and the 
addition of insulin had no effect. At no time during her 
hospitalization was there any evidence of hypoglycemia 
or definite acidosis, although on one occasion a CO, of 
16 mEq per L and a positive undiluted plasma acetone 


test was obtained. These quickly returned to normal 
without any special therapy. 

Immunologic studies indicated a negative skin test to 
Lente insulin, regular beef insulin and pork insulin. Al 
though she had reported tender lumps at the site of in 
sulin injections, there had never been any generalized 
allergic manifestations. Antibodies to insulin could not 


be demonstrated by passive transfer. Intravenous insulin 
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injections of 100 U of either beef or pork insulin caused 
no significant decrease in the blood sugar. 

Since her hyperglycemia, glycosuria and acetonuria 
were unaffected by insulin, she was treated by diet alone 
and 1 month later was transferred to the Clinical Center, 
National Health, for further studies. She 
felt well except for some dryness of the mouth and ex- 


Institutes of 


cessive hunger. Her physical examination showed no 


change when compared with that of her admission to the 
Her initial labora- 


tory workup included a normal urinalysis except for a 2 


University of Pennsylvania Hospital. 


urine sugar and positive acetonuria; hematocrit 43 per 
cent; WBC 2,900 per mm* with 40 per cent mature poly- 
morphonuclear leukocytes, 50 per cent lymphocytes, 9 per 
Sedimentation 
rate was 15 mm per hour; fasting blood sugar 252 mg 
per 100 ml; total cholesterol 200 mg per 100 ml; CO, 26 


cent monocytes and 1 per cent eosinophils. 


mEq per L; serum sodium, chloride and potassium 141, 
104, and 4.5 mEq per L, 


total protein 6.7 g with 3.3 g al- 


respectively ; unesterified fatty 
acids 1.47 mEq per L; 
bumin and 3.4 g globulin; serum electrophoresis indicated 
albumin 2.86 g, 0.52 g, 


8-globulin 0.98 g and y-globulin 1.82 ¢; 


a,-globulin 0.33 g, a.-globulin 
transaminase 30; 
alkaline phosphatase 1.8 Bodansky units; 2 per cent re- 
tention of sulfobromophthalein at the end of 45 minutes; 
in 48 hours; 


8 per cent; protein-bound iodine 5.0 


cephalin flocculation 1 in 24 hours and 2-4 
basal metabolic rate 
ug per 100 ml; plasma cortisol 16 wg per 100 ml; 24- 
hour urinary 17-hydroxycorticosteroids and 17-ketoster- 
oids 4.5 and 3.5 mg, respectively 

She was asymptomatic without insulin therapy despite 
24-hour 


taking a 3,175 caloric diet containing 300 g carbohydrate 


urine glucose excretion of up to 332 g while 
When allowed to eat ad Ithitum she consumed 6,000 cal- 
ories per day and her urinary glucose excretion rose to 
approximately 600 g per 24 hours. Acetonuria was pres- 
and 24-hour urine samples contained as 
g of blood 


ranged from 155 to 285 mg per 100 ml and postprandial 


ent constantly 


much as 20 ketone bodies. Fasting sugars 


sugars were as high as 519. Despite this glycosuria and 
acetonuria her weight actually increased from 42.3 kg at 
the time of admission to 45.6 kg at the time the initial 
studies, which serve as the basis for this report, were 
undertaken 

Two months after her admission she developed mild 
indigestion, heartburn, anorexia, increased thirst, noc- 
turia and nausea, and she lost 1.1 kg of weight over a 
2-day period. Her fasting blood sugar was found to be 
420 mg per 100 ml and her CO Her 


plasma acetone was positive in a 1 whereas 


17 mEq per L. 
:3 dilution 


previously it had been negative. Sodium was 128, chlo- 


ride 100, and potassium 5.1 mEq per L. Physical con- 


dition was unchanged except for increased respiratory 


rate later accompanied by typical Kussmaul respiration 


and a tender liver edge on deep inspiration. Dehydration 


was not striking. Since she had not received insulin for 


over 3 months, treatment was started with amounts of 


insulin that would be considered small in comparison with 


her previously tolerated doses. Over the next several 
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hours she received 300 U regular insulin i.v. ang fluid 
of 0.17 M lactate and 0.5 N 
She ate a regular diet. Several hours 


therapy consisting saline 
plus 40 mEq KCI. 
later her blood sugar had risen to 590 mg per 100 ml 
and CQ. was 16 mEq per L with no change in her clini- 


cal status. She was given another 825 U regular insu- 


lin i.v. over the ensuing 4 hours with a resultant fall in 
blood sugar to 300 mg per 100 ml but her CO, had also 
the continuing 
1,000 U 


added to the in 


declined to 14 mEq per L. Because of 
decline in CO, she was given an injection of 
fructose was 


regular insulin i.v. and 


travenous fluid therapy. Fifteen minutes later she de- 
veloped fever to 104°F, shaking chills, and generalized 
The fluids 


ministered at the time were tested and 


urticaria. various intravenous being ad- 


were pyrogen- 
free. Since this might be an allergic reaction to insulin, 


she was given 100 mg cortisol hemisuccinate i.v. and 


1,000 U 


hours. 


regular insulin im. every hour for the next 4 
At the end of this time her blood sugar was 450 
mg per 100 ml and CO. had decreased to 12 mEq per L. 
Fever and chills did not recur and urticaria disappeared. 
In view of the further deterioration of the blood sugar 
of regular insulin in 
saline i.v. At the end of this she 
felt better and her CO. was found to be 15 mEq per L 


and CQ,., she was given 12,000 U 
over the next 6 hours. 
and blood sugar 320 mg per 100 ml. During the next 12 
hours she continued to receive intravenous fructose, lactate 
and saline as well as 20 mg prednisone and 3,000 U in- 
sulin. She was then completely asymptomatic, with a 
blood sugar of 207 mg per 100 ml and a CO. of 24 mEq 
per a 

For the next 2 days she received 1,000 U regular in- 
sulin i.m. per day and 40 mg prednisone. Intravenous 
fluids 
diet. 
was normal. 


were discontinued and she consumed her usual 
Although she again had hyperglycemia, her CO 
The next day she again had anorexia and 
nausea, and CQO. was 14 mEq per L, with a blood sugar of 
365 mg per 100 ml. Plasma acetone was positive in a 
dilution of 1:8 whereas it had heen negative the previous 
day. An insulin-I™ half-time disappearance of 2 hours 
had been found the previous day as compared with one of 
10 hours 1 


sulin disappearance rate and because the patient was still 


week before. Because of this change in in- 
on steroids, insulin therapy was begun with small doses. 
She was given 25 U regular insulin i.v.; 30 minutes later 
her blood sugar was 375 mg per 100 ml as compared with 
365 before the insulin. Intravenous lactate, fructose and 
saline were again administered as well as an infusion of 


1,000 U insulin per hour. Later in the day there was some 


clinical improvement and CO, had risen to 17 mEq per 


|. although her blood sugar was 420 mg per 100 ml. 
Plasma acetone was still positive in a dilution of 1: 4. 
She was greatly improved clinically the next morning; 
CO. was 23 mEq per L and blood sugar was 115 mg 
per 100 ml. 
Because of the recurrent acidosis it was decided to 
decrease the prednisone and attempt to maintain her on 
2,000 U insulin per day. Several days later CO, was 14 


mEq per L and fasting blood sugar 183 mg per 100 ml. 
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rABLE I 


Blood glucose response after intravenous insul 


Blood glucose 
minutes 


Insulin 


l 
Sept. 1959 10 150 
Sept. 1959 200 186 
Sept. 1960 6 54 


Since she was asymptomatic and it was not clear whether 
fluid therapy or massive doses of insulin were responsible 
for her improvement during her two previous episodes of 
decided to try i.v. fructose and _ saline 


acidosis, it was 


without insulin. Although there was a slight decrease in 
the plasma free fatty acids 2? during the infusion, the blood 
The next morning 
her fasting blood sugar was 267 mg per 100 ml and CO, 
0.17 M 


again without insulin, was administered. 


sugar rose to 519 mg per 100 ml. 


15 mEq per L. Intravenuos lactate therapy, 

This therapy 
produced no change in plasma free fatty acids, although 
the blood 


next 4 days CO, gradually rose to 28 mEq per L 


there was a slight fall in sugar. (Over the 
despite 
the fact that she was given no insulin therapy nor fur 


fluid. The 


given during her first two episodes of acidosis were of 


ther intravenous massive doses of insulin 


questionable benefit. No apparent cause for these three 
episodes of acidosis could be found, and large amounts of 
before 
She 


insulin were present in her plasma just insulin 


the first had 
no further episodes of acidosis and remained asympto- 
She 


treatment of episode was initiated. 


matic with no insulin therapy continued to have 


constant glycosuria and acetonuria. At time of dis- 


1959, she weighed 49.7 kg and was ad- 
but to 2,100 calorie 


charge, in May 
take no insulin 
diabetic diet (CassP icol sce) - 

She 
later for subcutaneous fat biopsy to 
While at 


asymptomatic and her glycosuria, although still present, 


vised to follow a 


Center 2 
the 


she 


was readmitted to the Clinical months 


insulin 


assess 


responsiveness of this tissue. home was 


was diminished. Her weight on admission was 55.5 kg 
and the physical examination showed no change from 
blood 
from 150 to 244 mg per 100 ml and 4 p.m. blood sugars as 


her previous admission. Fasting sugars ranged 


high as 700 mg per 100 ml were recorded. Table I sum 
the blood 


amounts of insulin 


marizes response of her sugar to various 


intravenously 
both the 


diabetes and insulin resistance were in complete remission. 


glucagon-free given 


during this admission and 1 year later when 
The results in September 1959 confirmed the fact that 
still that Whereas 


during her previous admission she had excreted up to 


she was insulin-resistant at time. 
332 g of glucose per 24 hours on a 3,125 calorie diet, on 


this admission her 24-hour glucose excretion never ex- 


National 


deter- 


>We 


Cancer 


Dr. 
kindly 


Mueller, 


per formed 


are indebted to Peter 


Institute, who these 


minations. 
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ceeded 150 g and acetonuria was absent. A subcutaneous 


fat biopsy was obtained and, after an uneventful post 


operative course, she was again discharged on her previ- 
ous diet. 

Soon after discharge the patient noted a further de- 
crease in glycosuria and in November 1959 her urine tests 
became negative for sugar. Concomitantly, menstruation 
reappeared and the severity of the acanthosis nigricans 
decreased. Blood sugars, both fasting and postprandial, 


were found to be within normal limits. An oral glu- 


cose tolerance test done at the University of Pennsyl- 


vania Hospital revealed normal carbohydrate tolerance 
with a tendency toward hypoglycemia during the third 
to fifth hour of the test. Her response to a cortisone glu- 
(19) 


unrestricted 


normal and she 


the 


cose tolerance test was also 


diet. 


was 
Over following 10 
She 
was readmitted to the Clinical Center in August 1960 for 
that 
was entirely normal except for the acanthosis nigricans, 


allowed an 


months she gained 7 kg and was asymptomatic 


re-evaluation. Physical examination showed she 


which had cleared considerably. Her weight was 63 kg. 


Urinalysis was normal and glycosuria was never ob 


served. Fasting blood sugar was 60, blood-urea-nitrogen 
12, and cholesterol 167 mg per 100 ml; total protein 6.7 


2 


g per 100 ml with 3 g albumin; protein-bound iodine 5.8 
ug per 100 ml; 17-ketosteroids 4.6, and 17-hydroxycorti- 
costeroids 5.2 mg per 24 hours. An oral glucose tolerance 
test (100 g glucose) gave the following results: fastin 
60, 1 hour 73, 2 hours 54, 3 hours 67, 4 hours 42, and 
100 ml. At the test 
symptoms hypoglycemia. 
(0.1 


In contrast to 


o 
5 


hours 60 mg per no time during 


were there any indicative of 
The results of an intravenous insulin tolerance test 


Table I. 
the results in September 1959, 6 U of 


U per 1 g) are summarized in 


insulin now pro- 
duced severe hypoglycemia, indicating a normal insulin 
Previously, 200 U i.v. had produced only 
The half-time 


given i.v. 


responsiveness. 
a moderate fall in blood glucose levels 
disappearance of a tracer dose of insulin-I™ 
was 30 minutes, which is normal for non-insulin treated 


(14). 


from what it was in February 1959 during the peak of 


subjects This rate is again markedly different 


her insulin unresponsiveness (Figure 6). During this 
admission she was given 1 g sodium tolbutamide i.v. 


the 


over 
blood 
sugar before infusion 62 mg per 100 ml, at end of infu- 


a 30-minute period with following results: 


sion 29, 30 minutes later 43, 60 minutes later 51, and 


90 minutes later 55 mg per 100 ml. She was discharged 


from the hospital on an unrestricted diet. 


RESULTS 


Plasma obtained 3 months after the patient's 
last known injection of insulin, when she was still 
diabetic, greatly stimulated glucose uptake by the 
isolated rat hemidiaphragm, as shown in Figure 1. 
Although 1 ml of normal plasma also increased 
glucose uptake by diaphragm, the effect was small 


in comparison. QOn the basis of the insulin stand- 
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ards used, her plasma contained at least 2 mU of 
insulin per ml. In this test system 20 mU pro- 
duced a maximal stimulation. In addition to aug- 


menting glucose uptake, the patient’s plasma stim- 
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ulated glycogen synthesis in the rat diaphragm 
while normal plasma did not differ from buffer 
alone (Figure 2). Again, in comparison with the 
insulin standards, the patient's plasma contained 
between 2 and 20 mU of insulin per ml. When 
the plasma was assayed by a specific immunologi- 
cal method it contained between 17 and 27 mU 
of insulin per ml. 

Figure 3 indicates that the glucose uptake stim- 
ulatory effect of the patient’s plasma was abolished 
by the addition of plasma containing a circulating 
insulin antagonist. The addition of 2 mU insulin 
to 1 ml normal plasma increased the glucose up- 
take from 1.88 to 6.24 mg per g. In the presence 
of 0.01 ml of the patient’s plasma, the glucose up- 
take was 5.70 mg per g. The addition of 1 ml of 
antagonist plasma to 0.01 ml of the patient's 
plasma reduced the glucose uptake to the level 
found in the absence of any added insulin. 

Although it would be unlikely that, 3 months 
after her last known injection of insulin, exogenous 
insulin would still be present, this possibility was 


tested by giving her a small amount of insulin-[**! 


Dr. Gerold Grodsky, University of California Medi- 
cal School, San Francisco, kindly performed these de- 


terminations 
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Fic. 4. 
RATE OF 


COMPARISON OF PLASMA INSULIN ACTIVITY AND 


DISAPPEARANCE OF INJECTED TRACER INSULIN-I™, 
and determining its rate of disappearance as well 
as the plasma insulin levels; 48 hours after in- 
jection, approximately 90 per cent of the insulin- 
I**! had left the plasma (Figure 4). Despite the 


‘t the insulin con- 


marked decrease in insulin-[' 
tent of plasma obtained just before the insulin-I"*' 
injection and 48 hours later was essentially un- 
changed. This was true with various amounts of 
plasma, since decreasing the amount of plasma to 
0.02 ml did not appreciably diminish the stimula- 
tory effect. It should be noted that the insulin 
standards employed in this study varied from 
2X10" to 2 
to 2x 10'° U 


these studies it might appear that the insulin con- 


10° U as compared with 2 x 10°° 
in the two previous ones. From 
tent of the plasma was greater than 20 mU per 
ml. This may not be the case, since it is known 
that dilution of plasma causes an apparent in- 
crease in its insulin activity (20). 

In view of the large amounts of endogenous 
circulating insulin, it seemed feasible to attempt to 
fractionate the plasma to determine the location 
of insulin. Insulin-like activity has been reported 
in a-, B-, and y-globulin fractions, by various frac- 
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23). When 


tion of glucose uptake by 


tionation procedures (21 stimula- 
rat diaphragm was 
used as a measure of insulin action, most of the 
activity appeared in the zone between the y- and 
In addition, there was a 


When 


glycogen deposition was measured, insulin was 


B-globulins (Figure 5). 


small peak of activity just behind albumin. 


found only in the region between the y- and B-glob- 
ulins and extending into the B-globulins (Figure 
6). The fractions just behind albumin, which 
stimulated glucose uptake, caused no increased 
glycogen deposition. Since glycogen deposition 
was a less sensitive parameter of insulin action 
(Figures 1 and 2), the amount of insulin in the 
fractions just behind albumin might not be suffi- 
cient to be detected by this method It was also 
possible that these fractions contained other non 
insulin substances which stimulated glucose up- 
take. It is known that several substances increase 
glucose uptake by rat diaphrgam, but insulin ap- 
pears to be unique in its ability to augment gly- 
(24, 25). 


antagonist plasma, it was possible to abolish the 


cogen content However, with insulin 
glucose uptake stimulatory effect by the fractions 
that migrated just behind albumin, which suggests 
their identity with insulin. 

Since this patient had received exogenous in- 
sulin injections for over 1 year, her plasma should 
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Fic. 6. EFFECT OF PLASMA PROTEIN FRACTIONS ON GLYCO 
GEN DEPOSITION BY ISOLATED RAT DIAPHRAGM. Fic. 7. CorRRELATION BETWEEN ELECTROPHORETIC MIGRA- 
TION OF ADDED INSULIN-I"* AND INSULIN ACTIVITY OF 
contain insulin-binding antibody, as demonstrated POU piasMa. 
by Berson and co-workers (14). This insulin- 


hinding protein is located in the region between the | was fractionated in this manner, the insulin was 


y- and £-globulins and thus it is difficult to know _ recovered just behind albumin (14). It might be 
whether the insulin activity in her plasma in this that the small amount of insulin in the patient's 
plasma migrating behind albumin was free insu- 


region represents insulin bound to the antibody or 
whether this is where endogenous insulin normally — lin, while the bulk of the activty in the inter-B-y 
resides. When normal plasma with added insulin region was bound. A small amount (20 »U per 


PABLE II 


Effect of insulin on glucose uptake by human adipose tissue 


Insulin concentration /ml 


0.1 I 0.5 | 


+ 0.15 [2] 5.08 + 0.13 [2] 
< 0.01f p < 0.01 


+ 0.28 [4] 1.73 + 0.13 [4] 3.34 + 0.15 [4] 
p < 0.01 
Juvenile + 0.52 | 2.11 + 0.14 [4] 4.16 + 0.37 [4] 4.18 + 0.21 [4] 
diabetic p < 0.02 p < 0.02 
Obese [ 2 0.20 [4] 3.08 + 0.41 [4] 3.52 + 0.20 [4] 
diabetic p < 0.05 p < 0.01 
Chroni t 7] + 0.38 [4] 2.79 + 0.22 [4] 3.45 + 0.10 [4] 


insulin- p < 0.01 p < 0.01 


resistant 
diabetic 


Expressed as mg/g + SE of the mean. 
+ J, Number of determinations 
t p Value calculated on the comparison of the glucose uptake in absence and presence of insulin 


was not significant when no p value is given. 


Effect of insulin 
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ml) of insulin-I'*! was added to her plasma before 
fractionation to determine whether the bound in- 
sulin-I'*' would correspond to the area of en- 
dogenous insulin activity. Figure 7 demonstrates 
that most of the insulin-I'*! was found between the 
B- and y-globulins in the same region with the bulk 
of the insulin activity. The amount of stimulation 
of glucose uptake was greatly in excess of the 
small amount of insulin-I'*' added to the plasma 
prior to electrophoresis. In addition, there was 


' just behind al- 


a very small peak of insulin-I'* 
bumin, coinciding with the fractions that also ap- 
peared to contain some insulin. 

The finding of large amounts of endogenous in- 
sulin in the patient’s plasma in the presence of 
demonstrated unresponsiveness to its hypogly- 
cemic effect certainly suggests absent or decreased 
The effect of 


insulin on her adipose tissue was tested in an at- 


tissue response to the hormone. 


tempt to obtain direct proof of this (Table II). 
When insulin was added to adipose tissue slices 
from a nondiabetic patient, there was a significant 
increase in the glucose uptake when 0.1 U per ml 
was used and an even greater effect with 1 U per 
ml. However, in contrast, the adipose tissue from 
this patient showed no significant response to the 
addition of 0.1 or 0.5 U per ml, but did demon- 
strate an increased glucose uptake when 1 U per 
ml was added. Adipose tissue from other repre- 
sentative diabetics, including one patient with 
chronic insulin resistance with circulating antag- 
onist, also failed to respond to 0.1 U insulin per 
ml, but all gave significant increases when 0.5 U 
was present. The insulin effect on leukocytes was 
also measured in an attempt to assess peripheral 
tissue responsiveness. The data in Table III in- 
dicate that the patient’s leukocytes responded 


normally to the large amounts of insulin used. 


Even during an episode of diabetic acidosis, when 


TABLE II 
Effect of insulin on leukocyte glucose uptake * 


Source of leukocytes Control Insulin 
mg glucose/10'° W BC 
Patient pre-R, diabetic acidosis 44 380 
Patient postrecovery acidosis 154 431 
Normal 169 323 
Normal 142 360 


* 0.6 U insulin/ml incubation medium; incubations for 4 


hours. 
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Fic. 8. COMPARISON OF INSULIN ACTIVITY IN PLASMA 


DURING PERIOD OF INSULIN UNRESPONSIVENESS AND LATER 


DURING REMISSION, 


her leukocytes removed considerably less glucose 
from the medium than did normal cells, the re- 
sponse to added insulin was unimpaired, 

Whereas her plasma insulin levels were elevated 
during this period of unresponsiveness to insulin, 
at the time of her last admission, when the dia- 
betes had remitted, her plasma insulin activity was 
normal (Figure 8). 

During the initial Clinical Center admission, 
when she exhibited both diabetes and insulin un- 
responsiveness, her ability to oxidize glucose-1-C™ 
was assessed, Over a 5-hour period, 14.3 per 
cent of the tracer dose was recovered in CMOQO,, 
In similar studies, nondiabetics were found to 
oxidize an average of 37 per cent of the injected 
dose. 


DISCUSSION 


Clinically there can be little question that ini- 
tially this patient was unresponsive to the hypogly- 
cemic effects of insulin. Intravenous injection of 
as much as 200 U of glucagon-free insulin failed 
to depress the blood sugar to normal levels and 
caused only a slightly greater fall than did 10 U 
intravenously (Table 1). Although she was main 
tained without insulin therapy, she had no diabetic 
symptoms despite glycosuria of 300 g per day on a 
3,000 caloric diet. 
tainly was justifiably based on her hyperglycemia 


A diagnosis of diabetes cer 


and glycosuria. During her first admission to 
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the Clinical Center she also had constant ace- 


tonuria and three episodes of mild diabetic aci- 


During the first two of these she was 


dosis. 
treated with massive doses of insulin while she 
recovered from the third episode with fluid ther- 
The 


apy alone. role of such fluids in her re- 


covery is difficult to assess, since there appeared 


to be no dramatic effect on the levels of the free 
fatty acids. Such spontaneous recovery from dia- 
hetic acidosis does not coincide with our usual 
concept of this condition. 

It is even more surprising that she was not al- 
ways in diabetic acidosis in view of her extreme 
insulin unresponsiveness and massive glycosuria. 
Her constant ketonuria suggested that oxidation 
of fat was providing most of her energy require- 
ments and that her carbohydrate utilization was 
severely impaired. She was given a tracer dose of 
glucose-1-C'* and its oxidation to C'O, was 
measured to assess this. Over a 5-hour period 
14.3 per cent of the injected dose appeared as 
CQO,, compared with 34 to 46 per cent when 
normal subjects were studied (17). However, 
when one corrects for the patient’s enlarged glu- 
cose pool and urinary loss of glucose-C'* during 
the 5-hour test period, it is apparent that she was 
able to oxidize almost as much glucose as the nor- 
mal, although at a much higher blood glucose con- 
centration. This ability of the diabetic to utilize 
as much glucose as the nondiabetic, but at a sub- 
stantially raised blood glucose concentration, has 
(20). At the 


present time it is difficult to reconcile the marked 


been previously demonstrated 
ketonuria with the concept that she was oxidizing 
almost as much glucose as the nondiabetic. [Even 
more difficult to explain than the absence of con- 
of the 


conceivable 


stant diabetic acidosis is the absence of any 


usual symptoms of diabetes. It is 
that, although she appeared quite insulin-resistant, 
she was obtaining a small effect as a result of her 
high plasma insulin levels, and this was enough 
to prevent acidosis. During her second hospital 
admission she did not demonstrate acetonuria, and 
she had actually gained weight despite her impres- 
sive glycosuria. In retrospect, she may have been 
starting the remission which was complete several 
months after her discharge. This would be sub- 
stantiated by the observation that her glycosuria 
had decreased from approximately 300 g during 


her first Clinical Center admission to an average 
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of 100 ¢ 


db 


change in diet. 


during her second admission, with no 
Her spontaneous remission was 
quite unexpected and its cause is completely un- 
known. At present her glucose tolerance is nor- 
mal, with a tendency toward hypoglycemia several 
hours after glucose ingestion. It is impossible to 
determine whether this hypoglycemia represents a 
manifestataion of “pre-diabetes” (27) or reflects 
the residual hyperfunction of her islets which was 
thought to be present during the period of insu- 
lin-unresponsive diabetes. Although temporary 
remissions have been frequently observed soon 
after the diagnosis and energetic treatment of 
diabetes mellitus in some juvenile patients, remis- 
sion of such severe diabetes as the present pa- 
tient had is most unusual (9). Since the genesis 
of her diabetes and insulin resistance is obscure, 
it is impossible to elaborate on its exodus. 

In addition to undergoing remission, this pa- 
tient differs from other cases of insulin resistance 
presumed to be due to tissue unresponsiveness 
(5-8) in that she had greatly increased amounts 
of endogenous insulin in her plasma. In the previ 
ous cases, plasma insulin was demonstrable only 
at a time when the patient was receiving injec- 
tions of large amounts of insulin. This patient 
still had increased plasma insulin 3 months after 
The fact that 


her plasma caused an im vitro increase in glycogen 


her last known insulin injection. 


deposition of the isolated rat diaphragm as well 
as augmented glucose uptake strongly suggests 
that the activity was due to insulin. Although in- 
creased glucose uptake is probably not specific for 
insulin, this hormone is unique in its in vitro ability 
to stimulate glycogen deposition (24, 25). Sa- 
licylates and phenethylbiguanide also stimulate glu- 
cose uptake by diaphragm, but they both lead to a 
decrease in muscle glycogen. Further evidence 
for the identification of the activity as insulin is 
derived from the observation that its effect was 
abolished by the addition of plasma known to con 
tain an insulin antagonist, presumably an antibody. 
This plasma had no effect on the basal uptake of 
glucose by the rat diaphragm but was capable of 
abolishing the increased glucose uptake produced 
by either insulin or the patient’s plasma. In ad- 
dition, assay of the patient’s plasma by a specific 
immunological assay for insulin gave values in the 


At a 


time when she was in remission her plasma insu 


same range as those obtained by bioassay. 
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lin activity was normal. This is consistent with 
her demonstrated responsiveness to both insulin 
and tolbutamide (Orinase ). 

Although the patient's last known insulin in- 
jection was 3 months prior to these studies, it 
was still possible that the insulin detected in her 
plasma was a residue from the large amount of 
exogenous insulin she was given. The results of 
the study in which the rate of disappearance of a 
tracer dose of insulin-I'** was followed make this 
unlikely. Whereas 90 per cent of the injected 
tracer had disappeared from the plasma at the 
end of 48 hours, the levels of plasma insulin were 
s1 


essentially the same as before the insulin-I'** was 


given. If the plasma insulin were exogenous in 
origin, one might expect the insulin concentration 
41 


to decrease at the same rate as the insulin-['*! dis- 


appeared from the plasma. Since it did not, it 
indicates that pancreatic production of insulin 
must be continuing at a rate necessary to main- 
tain the plasma level. 

Another but less likely possibility is that the 
insulin-I'"' did not label the entire insulin pool 
but was being metabolized at a rate different from 
that of a larger unlabeled insulin pool. Since this 
patient had demonstrable insulin antibody, one 
might consider the larger, unlabeled insulin pool 
as complexed with antibody, and the smaller, la- 
beled pool as “free” insulin. It might thus be 
possible to maintain a constant plasma insulin 
level in association with a decreasing specific ac 
tivity without implicating increased pancreatic in- 
sulin secretion if the rate of dissociation of insu 
lin from antibody were considerably slower than 
the rate of disappearance of “free” insulin from 
the plasma. Against this possibility is the ob 
servation that the half-time disappearance of in- 
sulin-I'*? was greatly prolonged, while in the non 
diabetic, in the absence of insulin-binding anti- 
body, it is about 30 minutes (i+). This suggests 
that in this patient there was some, if not com- 
plete, mixing of insulin-I'' with the insulin-anti- 


1 


body pool. If the insulin-I**! were labeling only a 


smaller “free” insulin pool, one would expect its 
half-time of disappearance to approach that of the 
normal. The prolonged insulin-I'*' disappearance 
in the insulin-treated subject has been presented 


as evidence for the existence of insulin-antibody 


complex and a reaction between injected insulin 


(14). It 


I'* and insulin antibody also seems 
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that the dissociation 


would be so 


unlikely insulin-antibody 
that it 


months after the patient's last insulin injection. 


slow would be a factor 3 

Hyperglycemia is a known stimulus for pan- 
creatic insulin production (28), and since this pa- 
tient had continuous hyperglycemia her pancreas 
was being continually stimulated despite increased 
plasma insulin levels. This finding again points 
to an underlying failure of tissue response to in 


sulin, In contrast to the slow rate of insulin-] 
disappearance when she was resistant, the hor- 
mone disappeared normally when she was again 
responsive to insulin. During this latter period 
she had not received insulin for well over a year, 
so that the shorter half-life might be due to the 
loss of insulin antibody which would retain in- 
jected insulin in her plasma. 

In this case and several others (5-8), the cause 
of the insulin resistance was presumed to reside 
at the tissue level. It was not possible to detect 
any excess of insulin antagonists in this patient's 
The that 


plasma appeared to have biologic activity in that 


plasma. insulin was present in her 
it increased glucose uptake and glycogen deposition 
in the isolated rat diaphragm and produced hypo- 
glycemia in fasted mice.’ When the response of 
her adipose tissue to insulin was studied, it was 
found less sensitive than adipose tissue from a 
normal person or other diabetics. This unrespon- 
siveness was not complete, since in the presence 
of 1 U per ml of incubation medium, her response 
was undiminished. While 0.5 U per ml produced 
a significant increase in glucose uptake in all other 
patients studied, it failed to do so in the present 
patient. It is realized that these amounts of in- 
sulin are quite large and not in the physiologic 
range, making interpretation of the results more 
difficult. 
tween this patient's adipose tissue and that ob 


Nonetheless, there was a distinction be- 


tained from other diabetics, including one with 


chronic insulin resistance. However, the pa 
tient’s leukocytes appeared to be as insulin-re- 
sponsive as normal leukocytes when glucose up- 
take was measured. Since the amounts of insu 
lin used in these experiments were also large, in- 
terpretation of the results in terms of in vivo re 
sponsiveness to insulin is difficult. It is of in 
terest that except when the patient was in diabetic 

Dr. Frederick Goetz, University of Minnesota, kindly 


pertormed these studies 
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acidosis, her leukocytes removed as much = glu- 
cose from the incubation medium as do normal 


white blood cells. In the presence of a decreased 


tissue responsiveness to insulin, the greatly ele- 


vated plasma levels may have been sufficient to 
prevent severe diabetic acidosis. Although con- 
clusive demonstration is lacking, the cause of her 
insulin resistance seems to be due to a decreased 
tissue response to this hormone. 

By rat hemidiaphragm assay, her plasma con- 
tained between 2 and 20 mU of insulin per ml, 
while the normal level by a more specific immuno- 
assay was approximately 0.02 mU per ml (29). 
Her plasma contained 10 mU per ml assayed by 
its hypoglycemic action in the fasted mouse.’ 
Fractionation of the plasma by electrophoresis in- 
dicated that most of the insulin was present in 
the area between the 8- and y-globulins, while a 
small part migrated just behind albumin. Insulin 
was found in the £-globulins in another patient 
with insulin resistance in whose plasma exogenous 
insulin was detectable (6). In normal plasma, 
insulin has been reported to be located in the y- 
B- and e-globulins (21-23). Since insulin-binding 
protein also migrates in the area between y- and 
B-globulin, and since this patient had_ received 
prior exogenous insulin, it is impossible to de- 
cide whether the insulin in the inter-y-8 zone was 
complexed to the insulin-binding protein or not. 
The former possibility might seem more reason- 
able, since there was also a small amount of in- 
sulin just behind albumin where “free” insulin 


is known to migrate (14). 


SUMMARY 


The case of an 18 year old Negro female dia- 
hetic with severe insulin unresponsiveness, pre- 
sumably as a result of decreased tissue responsive- 
ness, is presented. Over a period of 18 months 
there was a complete remission of both her in- 
sulin resistance and her diabetes. Unique features 
of the case include the presence of large amounts 
of circulating endogenous insulin which appeared 
to have full physiologic activity in the isolated rat 
hemidiaphragm and the fasted mouse at a time 
when she was unresponsive to the hormone. Its 
identification as insulin was based on its ability 
to increase in vitro muscle glycogen deposition as 


well as glucose uptake by rat diaphragm. In ad- 
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dition, its effect could be abolished by the addi- 
While 90 per 


1 


tion of insulin antagonist plasma. 
cent of an injected tracer dose of insulin-I'*! disap- 
peared from the plasma in 48 hours, there was no 
change in the plasma insulin level during this time. 
Fractionation of the plasma indicated that most of 
the insulin activity resided in the inter-y-B-globu- 
lin zone, although there was also a small amount 
migrating just behind albumin. Adipose tissue 
obtained from the patient demonstrated no_ in- 
crease in glucose uptake in the presence of 0.1 and 
0.5 U 


responded to the former and adipose tissue from 


insulin per ml, while normal adipose tissue 


other diabetics responded to the latter concentra- 
tion. In the presence of 1 U per ml insulin, her 
adipose tissue demonstrated a normal response. 

Although the cause of her insulin resistance was 
thought to be due to decreased tissue responsive- 
ness, the mechanism of this as well as her sub- 
sequent complete remission, is unknown. 
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Several microbiological methods are available 
for the assay of folic acid and related coenzymes 
in tissues and body fluids (1, 2). Many conju- 
gated forms of folic acid are not detected by such 


ac- 


assays unless first converted enzymatically to 


tive forms (3). The presence of folic acid antag 
onists or of antibiotics can also render difficult 
the quantitative determination of folic acid and its 
conjugates by present microbiological techniques. 
In order, therefore, to facilitate the study of the 
metabolism of folic acid in normal subjects and 
in patients with hematological and other disorders, 
tritiated folic acid has been prepared and some as 
pects of its metabolism in man studied by non 
microbiological assay methods. The present paper 
presents the results of these studies, preliminary 
accounts of which have appeared (4, 5). 
METHODS 


AND MATERIALS 


ac id 


n of tritiated folt 


Finely powdered USP grade folic acid, 500 mg, was 


exposed to 15 ¢ tritium at 27°C and 0.4 atm pressure for 
The crude tritiated material had an activity of 
40-mg batches of this 
cent NaHCO, and chromatographed 
in the dark at room temperature on a 2 * 20 cm column 
packed DEAE-cellulose Kodak 7392) 
equilibrated by the method of Sober, Gutter, Wyckoff and 
Peterson (6) was started with 0.01 M 
phosphate buffer at pH 6.9. At 280 ml, buffer strength 
vas raised to 0.2 M. A flow 
The effluent was passed through an ultraviolet 
LKB, Stockholm) 
portions in an automatic fraction col 
LKB, Stockholm). 
cter lamp was switched off during the passage of the folic 


10 days 


220 wc per material were 


‘ 1 +: 
dissoived in per 


with (Eastman 


Elution sodium 


rate of 2 ml per minute 
vas used 
absorptiometer (Uvicord, and col- 
10-ml 


(RadiRac, 


ected 1 


lector The absorptiom- 


acid peak to minimize photochemical decomposition. 


Major impurities were found by ultraviolet analysis of 
the fractions to be 2-amino-4-hydroxy-6-methylpteridine, 
acid, p-amino- 
The 


rechromat« grapl ied. 


2-amino-4-hydroxypteridine-6-carbox ylic 
al id 


The 


benzoylglutamic acid and pteroic acid folic 


fractions were pooled and 
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specific activity of the folic acid was found to be 12.2 
0.2 wc per mg. Additional chromatographic purification 
did not 
radiation decomposition, a weight of glucose 20 times 
that of the 


and the 


further lower this value. In order to minimize 
weight of the pooled folic acid was added 
bicarbonate-glucose 
py oe 
The microbiological activity of this preparation of triti- 
Lactobacillus 
Jaker and co-workers (2) 
USP folic 


resulting folic acid-sodium 


solution lyophilized and stored in the dark at 


folic acid caset 


by the 


ated was determined by 


assay method of and 
was equal to that of an equivalent weight of 
acid. 

Distribution of the folt 


Two mg of tritiated folic acid of specific ac- 


radioactivity within acid 
molecule. 
tivity 1.40 « 10° dpm per mmole was dissolved in 2 ml 
of 0.2 per cent NaHCO,; 3 ml of 2 N H,PO, and 200 
mg of zinc were added and reduction allowed to proceed 
600 mg of CaCO, was then added and 
The 
natant was decanted and applied to a column of DEAE- 
with 0.01 M 
sodium phosphate buffer, pH 6.9, the effluent being passed 
After the 
the 2-amino-4-hydroxy-6-methylpteridine 


for 30 minutes; 


the mixture left to stand overnight. clear super- 


cellulose, 1 X 7.5 cm. Elution was started 


through an ultraviolet absorptiometer. pas- 
sage of peak, 
buffer strength was increased to 0.2 M. The pteridine 
and p-aminobenzoylglutamic acid fractions were collected 
The 


concentration of p-aminobenzoylglutamic acid was deter 


No unsplit folic acid was detectable in the effluent 


mined by the Bratton-Marshall method (7), and the con 
centration of 2-amino-4-hydroxy-6-methylpteridine by the 
measurement of ultraviolet absorption at 252 my and 363 
my, at pH 13. 
benzoylglutamic acid was 1.06 


The specific activity of the p-amino 
10° dpm per mmole or 
75.7 per cent that of the starting material, and the specific 
activity of the pteridine was 0.31 x 10° dpm per mmole 
or 22.1 per cent that of the starting material; 97.8 per 
cent of the radioactivity present in the folic acid was 
therefore accounted for after reductive cleavage 

To 0.5 mg of tritiated p-aminobenzoylglutamic acid in 
9.5 ml of 0.2 M sodium phosphate buffer collected by the 
foregoing procedure was added about 9.5 mg of nontritiated 
p-aminobenzoylglutamic acid. An aliquot was taken for 
the determination of specific acivity, which amounted to 
Sufficient concentrated H.SO 


Hydrolysis was 


5.07 X 10° dpm per mmole. 
was added to bring the solution to 2 N. 
allowed to proceed for 10 hours at 100°C. The reaction 
mixture was then brought to 50 ml with distilled water 
and allowed to stand overnight with a large excess of 
3aCO.. 

i) Ten ml of the reaction mixture was brought to pH 


3 with 5 N HCl and extracted with 10 ml of ethyl ace 
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Che extract was then taken to dryness and the 
3 ml distilled water. The 
tion was chromatographed on DEAE-cellulose and_ the 
p-aminobenzoic acid fraction collected. No a-amino ni- 
trogen was detectable by the ninhydrin reaction. The 
concentration was determined by the Bratton-Marshall 


tate. 


residue redissolved in solu 


method. The specific activity was 1.43 x 10° dpm _ per 
mmole or 28.2 per cent that of the starting material. 

ii) Ten ml of the reaction mixture chromato- 
graphed on DEAE-cellulose and the p-aminobenzoic acid 
(PABA) and p-aminobenzoylglutamic acid fractions 
collected. The PABA fraction was brought to pH 3 
with 5 N HCl and extracted with 10 ml of ethyl acetate. 
The extract was washed with 5 ml distilled water and 


was 


the washings discarded. The ethyl acetate extract was 
then taken to dryness and the residue redissolved in 5 ml 
No a-amino nitrogen was detectable by 
The concentration of p-amino- 
benzoic acid was determined by the Bratton-Marshall 
The specific activity was 1.45 x 10° dpm per 


distilled water. 
the ninhydrin reaction. 


method. 
mmole or 28.6 per cent that of the starting material. 

The distribution of radioactivity in this preparation of 
tritiated 22.1 the 
pteridine fraction, probably on carbon 9, 28.4 per cent in 


folic acid is therefore per cent in 
the p-aminobenzoic acid, and 47.3 per cent in the glutamic 
acid. These together account for 97.8 per cent of the 
total radioactivity. 

Twenty-four hours prior to use, the lyophilized folic 
acid was redissolved in distilled water and rechromato- 
graphed. The effluent was precipitated at pH 3 with 5 N 


HCl, 


sufficient 


separated by centrifugation, and redissolved in 
0.9 per NaCl 0.2 
NaHCO, to give a concentration of 200 ug per ml. 


per cent benzyl alcohol was added and the solution passed 


cent 
One 


cent containing per 


by means of a Swinny syringe adapter (Millipore Filter 
Corp., Bedford, Mass.) through a Millipore HA filter 
into a sterile vial. An aliquot was taken for determination 
of the specific activity and the solution kept in the dark 
at 4°C until immediately before use. 
administration were prepared in the same way except that 


Solutions for oral 


sterilization was omitted. 

Tritiated folic actd prepared by exchange with tritiated 
water. Seven-tenths mg of tritiated folic acid prepared 
by an exchange reaction with tritiated water (TRA. 34, 
batch 5, Radiochemical Centre, Amersham, England) was 
purified by chromatography DEAE-cellulose. The 
major impurities were p-aminobenzoylglutamate and two 
The specific activity after puri- 


on 


unidentified pteridines. 
fication was 174 wc per mg. Solutions were prepared for 
administration as described above. 

A similar preparation was used by Anderson, Belcher, 


Chanarin and Mollin (8) in studies of the handling of 


orally administered tritium-labeled folic acid in patients 


with megaloblastic anemias; these workers found that 
radioactivity was distributed almost equally between the 
p-aminobenzoylglutamate and the pteridine portions of 
the molecule. 

Tritiated folic acid prepared by exchange with tritiated 
acetic acid. Twenty mg of folic acid USP was shaken 
with 15 mg of pre-reduced platinum catalyst and acetic 
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containing 25 ¢ 100" ¢ 12 hours. 


catalyst and acid, the labile tritium was 


acid tritium at lor 
After removing 
removed by dissolving the residue in 0.1 per cent NaHCO 
and precipitating the folic acid at pH 3 with dilute HCl. 
The activity of the crude tritiated material was 62 uc per 
mg. Purification was carried out by chromatography 
on DEAE-cellulose, the major impurities being p-amino- 
benzoylglutamate and an unidentified pteridine. The 
specific activity was 52 wc per mg. 

In the experiments described below, the preparations 
of tritiated folic acid used were those labeled by ex- 
change with tritium gas and by exchange with tritiated 
water. No differences in in vivo behavior between the 
batches of labeled folic acid prepared by the two differ- 
ent methods were noted. Folic acid labeled by the third 


method, exchange with tritiated acetic acid, was not 
used in this study, but preliminary experiments suggest 


that it, too, is handled by the body in the same way. 


Procedures 
Isolation 


ml of heparinized plasma containing an 


1. Assay of plasma tritiated folic acid. 1) 
method. 
unknown amount of tritiated folic acid was added 0.5 ml 


To 5 


of a 0.2 per cent solution of nontritiated folic acid in 0.2 
per cent NaHCO,; 5.3 ml of acetone (reagent grade, 
Fisher) was added, the solution mixed and centrifuged at 
3°C and 2,500 rpm for 10 minutes, and the supernatant 
decanted into a 50 ml polyethylene test tube; 25 ml of 
acetone was added, the solution mixed ‘and centrifuged 
in the cold and the supernatant discarded. The precipi- 
tate was redisolved in 3 ml distilled water and poured 
into a 15 ml centrifuge tube. The polyethylene tube was 
washed once with 3 ml of 0.2 M phosphate buffer at pH 
The 
folic acid was precipitated at pH 3 by the addition of 5 
N HCl and separated by centrifuging at 3°C. 
pernatant was discarded. The precipitate was redissolved 
in 1 ml of 0.2 per cent NaHCO,; 
ml of 2 N H;,PO, were added and reductive cleavage al- 
200 mg CaCO, was added 
and the solution allowed to stand overnight. 


6.9 and the washings added to the centrifuge tube. 
The su- 
150 mg of zinc and 1 


lowed to proceed for 2 hours; 
The solu- 
tion was then centrifuged and the supernatant decanted 
into a 15 ml centrifuge tube. The precipitate was washed 
once with 2 ml of water and the washings added to the 
supernatant. The supernatant was kept at 80°C for 20 
minutes in the oven, recentrifuged and decanted. One- 
tenth ml of this solution was taken for measurement of 
diazotizable amine by the Bratton-Marshall method (7). 
The total folic acid could be calculated from the value 
obtained. Three ml was added to counting vials and 
taken almost to dryness in the oven at 80°C and then to 
complete dryness in a vacuum desiccator; 1 ml of a 10 
per cent solution of Hyamine in toluene was added and 
the vials allowed to stand for several hours until solution 
was complete; 5 ml of scintillator was then added and the 
tritium concentration determined in the liquid scintillation 
counter. Efficiencies averaged 14.2 per cent. 


In some cases, all nonfolic acid radioactivity was re- 
moved by redissolving the folic acid precipitated at pH 3 


during the isolation procedure in 0.2 per cent NaHCO, 
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TABLE I 


Reco 


6,000 
6,000 
6,000 


1,000 
1,000 
1,000 


Isolation 
method, 
plasma 


1,900 
1,900 
1,900 


1,000 
1,000 
1,000 


5,000 364 
5,000 364 
5,000 364 


Direct 
chromato- 
graphy, urine 


364 
364 


Isolation 
method, 
urine 


8,400 
8,400 
8,400 


and purifying it by column chromatography on DEAE 
cellulose. The collected folic acid fraction was then re- 
precipitated at pH 3 and the usual procedure followed. 
Nonfolic acid radioactivity ranged from 11 to 23 per cent 
of the total radioactivity measured by this method. 


i) Assay of total plasma radioactivity. Eight-tenths 


ml of heparinized plasma containing tritated folic acid 
was added to 15 ml of Thixcin-Hyamine emulsion and 
counted at — 5°C by the method of Shapira and Perkins 
(9). Standards of known amounts of tritiated folic acid 
in blank plasma were run; efficiencies averaged 5.4 per 
cent 


) 


Direct 
urine containing an un- 


of tritiated folic acid in the 


chromatography. To 5 ml of 


Assay urine. 1) 
known amount of tritiated folic acid was added 1 ml of 
a 0.2 per cent solution of nontritiated folic acid in 0.2 per 
cent NaHCO,; 2 ml of this solution was then applied 
to a 0.5 * 5 cm column of DEAE-cellulose, followed by 
20 m! of 0.01 M sodium phosphate buffer at pH 6.9. The 
folic acid, visible as a yellow band, was eluted with 0.2 M 

The 
s 


collected and precipitated at pH 3 with 5 N 


acid was 
HCl. The 


precipitate was centrifuged, redissolved, reduced, chemi- 


sodium phosphate buffer, pH 6.9 folic 


cally assayed and counted by the same method used for 
the plasma folic acid 

1) Isolation method. For highly pigmented urines, 
direct chromatography as described above was not suit- 
able. To these urines, carrier folic acid was added in 
the same way, and the total folic acid was precipitated 
at pH 3 with 5 N HCl and separated by centrifugation 


at 3°C. The precipitate was redissolved in 6 ml of 0.2 


vy of tritium-labeled folic acid added lo plasma and urine 


Carrier 
folic 
acid ’ Original 
aiter H-folic 
1 


isolation isolatic acid 


Recovery 


: 102.4 
102.3 
100.3 


438 6,14 
6,13 
6,01° 
1,860 


1,842 
1,918 


97.9 
96.9 
100.9 


1,606 
1,373 
1,563 


97.3 
100.0 
106.4 


4,870 
4,998 


5,320 


6,012 78: 103. 
100.2 
102. 


99. 
99. 
97. 


98.3 


102.5 
99, 


NaHCO, ; 


matographed as described above. 


per cent 2 ml of this solution was then chro 


it) Assay of total urine radioactivity. Five-tenths ml 
urine was added to a counting vial and taken to a vol- 
ume of about 0.1 ml in the oven at 80°C; 0.4 ml Hyamine 
was then added, followed by 1 ml ethanol and 5 ml of 
scintillator. All 
As an alternative method, 1 ml of urine was added to a 


samples were run in quadruplicate. 
counting vial containing 3 g naphthalene (reagent grade, 
15 ml of scintillator was 


23 


Matheson, Coleman, and Bell) ; 
added, 
ml ethanol, 25 mg 
(POPOP) 


samples were counted at 


then made up as follows: 77 ml dioxane, 
1, 4-bis-2 (5-phenyloxazolyl) benzene 
The 


averaged 


and 1 g 2,5-diphenyloxazole (DPO). 
jg 
If the deepfreeze temperature were raised, 


Efficiencies 
7.2 per cent. 
the addition of ethanol to the scintillator solution could 
be omitted with a consequent improvement in efficiency. 
This method was not suitable for concentrated urines con 
taining a heavy sediment because of the adsorption of 
folic acid on the insoluble residue at the bottom of the 
counting vial and consequent low counts. 

3. Assay of tritiated water in the urine. In a number 
of experiments water was distilled from the urine sam- 
ples and assayed for tritium by the method of Werbin, 
Chaikoff and Imada (10). 

4. Counting methods. A Packard TriCarb liquid scin- 
tillation counter was used for all tritium assays. Unless 
otherwise stated, samples were taken to dryness in 20-ml 
Millville, N. J.) 
and redissolved in 10 or 20 per cent Hyamine in toluene, 
(a) s Sant ot 


glass counting vials (Wheaton Glass Co., 


prepared by the method of Eisenberg 
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toluene containing 0.6 per cent DPO and 0.02 per cent 
POPOP (Pilot Chemicals Inc., Watertown, Mass.) was 
added and the samples counted with a discriminator win- 
dow setting of 10 to 100, voltage at tap 6, and a deep- 
5 C. 
gree of quenching encountered, all samples were recounted 


freeze setting of Because of variations in the de- 
after the addition of an internal standard (tritiated tolu- 
Effi- 
Solutions con- 


ene, New England Nuclear Corp., Boston, Mass.). 
to 14 per cent. 


taining nontritiated carrier folic acid were assayed chemi- 


ciencies ranged from 5 


cally by the method of Bratton and Marshall (7). 
reproducibility of The 
amount of tritiated folic acid originally present in those 


5. Recoveries and results. 
samples to which carrier folic acid was added, followed 
by an isolation procedure, was calculated as follows. Ii 
added the 
amount recovered (as measured by the Bratton-Marshall 


the amount of carrier folic acid was x mg, 


method) was y mg, and the tritium activity detected was 
¢ dpm, then the tritium activity present in the original 
samples was xs/y dpm. Reproducibility by this method 
Table I. 


In those procedures in which radioactivity in 


is shown in 
urine 
the 
calculated amount of radioactivity present for the total 


and plasma was counted directly without isolation, 


plasma by the Thixcin gel method was 98.1 + 2.1 per cent 


(mean of 10 trial determinations SD); for total urine 


radioactivity by the ethanol method, 99.5 + 3.3 
8 trial 
urine radioactivity by the dioxane method, 101.9 
cent SP). 

6. The stability of tritiated folic acid in plasma and urine. 


i) To centrifuge tubes containing 5 ml of heparinized 


cent 
total 


3.0 pet 


per 


(mean of determinations SD): and for 


(mean of 8 trial det rminations 


plasma, 1.12 ug of tritium-labeled folic acid of specific ac- 
tivity 35,700 dpm per wg was added. The tubes were in 
cubated for varying periods at 37°C, carrier folic acid 
added and the total folic acid then isolated and counted 
In 
acid was added before incubation, recoveries were 100.4 
SD) 
addition of carrier was delayed for 1 hour, recovery av- 


as described above. 4 tubes in which carrier folic 


6.8 per cent (mean but in 2 tubes in which the 
eraged 87.5 per cent, and in 2 tubes in which carrier was 
added at 3 hours, recovery averaged 88.8 per cent. In 
the experiments to be described, carrier folic acid was 
therefore added to the plasma immediately after collection. 

it) To 2-ml aliquots of a blank urine which had been 
allowed to stand overnight with CaCQ,, 1.34 ug of tritium- 


ae 


labeled folic acid of specific activity 35,700 dpm per yg 


was added (see above). The urines were then incubated 
for periods of 1, 6, and 24 hours, carrier folic acid was 
added and the total folic acid isolated by chromatography 
on DEAE-cellulose as described above. Recoveries did 
not decrease significantly with time 

it) To six 2-ml aliquots of blank urine which had been 
brought to neutral pH with CaCO,, 1.12 ug of tritium- 
labeled folic acid of specific activity 35,700 dpm per ug 
was added. Two aliquots were brought to pH 5 
0.1 N HCl, two were brought to pH 8.1 with 0.1 N NaOH 
and two allowed to remain at neutrality. One urine from 


each group was then incubated for 3 hours at 37°C and 
h gr tl bated f 3] t 
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TABLE II 


of tritium-labeled folic acid in urine 


at alkaline and acid pH 


. lability 


Time of 
incubation 


Recovery Recovery 


38,720 
32,950 


41,010 
39,890 


the H’-folic 
by 


acid assayed by addition of carrier, followed 
isolation on DEAE 
Table II. 


Because of this apparent instability of small amounts of 


cellulose. Recoveries were 


as 


shown in 


folic acid in urine at acid or alkaline pH, urines in the 
experiments described below were brought to neutrality 
and carrier folic acid added immediately after collection. 
tritiated folic The 


acid solution was injected into an antecubital vein by 


7. Administration of acid folic 
syringe through a 3-way 


In 


per kg was used. 


means of a pre-set delivery 
stopcock and followed with 10 ml of normal saline. 
most experiments a dosage of 15 ug 
Blood 


from an antecubital vein of the other arm by an indwell- 


samples were taken into heparinized syringes 


ing siliconed Cournand needle 
Experimental subjects 


The subjects for this series of experiments were 16 
healthy adult males, members of the Resident Staff of 
the Montreal General Hospital, ranging in age from 22 
to 29 years and in weight from 59 to 86 kg. All were in 
a good state of nutrition. No subject was used for more 
than four experiments nor did any subject receive more 
than a total of 25 uc of tritium. At least 4 weeks was al- 
lowed to elapse between successive experiments on the 
same subject. The plasma disappearance curve of tritium 
labeled folic acid after a standard dose of 15 ug per kg 
was determined for 10 of these subjects. The limits of 
variation were small; for instance, 30 minutes after in 
jection the mean plasma concentration was 2.35 + 0.25 


per cent of the dose per L (mean + SD); i.e., the coeffi- 


cient of variation was 10.6 per cent. 
RESULTS 
After the intravenous administration of 1 pg per 
kg of tritiated folic acid to healthy adults, the con- 
centration in the plasma falls very rapidly so that 
in a typical experiment, after 3 minutes only 2 per 


cent of the dose per L remained, and by 30 minutes 
This 


amount is equivalent to only about 0.1 yg per L 


only 0.1 to 0.2 per cent per L (Figure 1). 


Thereafter the fall in concentration is slow and 
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PLASMA CONCENTRATION OF FOLIC ACID RADIO- 


ACTIVITY AFTER THE INTRAVENOUS INJECTION INTO NORMAL 


SUBJECTS OF 9 TO 14 wC TRITIATED FOLIC ACID DILUTED WITH 
CARRIER TO GIVE TOTAL DOSES OF 1, 15, AND 150 wG PER KG, 


RESPECTIVELY. Ordinate: % injected dose/L plasma. 


difficult to follow with precision because of the 


extremely low levels of radioactivity involved (0.01 
to 0.03 pe per L). This extremely rapid disap- 


pearance of tritiated folic acid from the plasma is 


w 
°o 


% excreted 





rt 


6 12 
HOURS 





*1G. 2. URINARY EXCRETION OF RADIOACTIVITY AFTER 


THE INTRAVENOUS INJECTION INTO NORMAL SUBJECTS OF 


TRITIATED FOLIC ACID DILUTED WITH CARRIER TO GIVE TOTAL 
poses OF 1, 15, 150, ANp 1,430 wG PER KG, RESPECTIVELY. 
Ordinate: cumulative excretion of radioactivity in the 
urine as a percentage of the injected dose. 


SIMONETTA SPERTI AND A. S. V. BURGEN 


not due to urinary excretion, since in the same ex 
periment less than 2 per cent of the injected ac- 
tivity had been excreted in the urine by 2 hours 


(Figure 2) 


and the later excretion was even 
slower (less than 0.5 per cent per hour). 

When the dose of folic acid injected was in- 
creased to 15 wg per kg * the fall in plasma concen- 
tration was considerably slower, so that in a typi- 
cal experiment 3.0 per cent of the dose was still 
present per L of plasma after 15 minutes and 0.5 
per cent per L after 2 hours. In two subjects in 
whom satisfactory measurements were obtained 
6 hours after injection, the residual fractions 
were 0.15 and 0.1 per cent per L, respectively. 
This level is therefore similar to that found after 
the lower dose, although it is attained about one- 
twentieth as fast and in absolute amount is equiva- 


With this 


higher dose of folic acid the urinary excretion of 


lent to 1.3 to 1.6 wg per L of folic acid. 


radioactivity is much greater (Figure 2) so that by 
the end of 2 hours, 20 to 30 per cent of the in- 
jected activity has been recovered in the urine; 
subsequently, the excretion rate falls steeply so 
that only 5 to 10 per cent more is excreted in the 
following 24 hours and it thereafter falls to less 
than 2 per cent per day. 

Raising the dose to 150 pg per kg leads to a 
further slowing of the fall of plasma concentra- 
tion and to a greater and more sustained urinary 
excretion. After 12 hours, 60 per cent of the ra- 
dioactivity had been recovered in the urine (Fig- 
ure 3). Increasing the dose of folic acid to 1,430 
pg per kg had little additional effect on either the 
rate of disappearance of plasma activity or the 
urinary excretion. 

In some experiments the total plasma radioac- 
tivity was also measured. When the plasma ra- 
dioactive folic acid exceeded 100 pg per L, the 
radioactivity due to compounds other than folic 


No de- 


terminations of nonfolic acid radioactivity were 


acid was less than 5 per cent of the total. 


carried out at lower levels. 


1 Many of our studies have been carried out with a 
dose of 15 wg per kg in order to allow comparison with 
the extensive studies of Chanarin and co-workers (12-14) 
used the same dose but a microbiological 
The agreement between the results obtained by 


This dose is also convenient in 


who assay 
method. 
the two methods is good. 
that the plasma radioactivities are higher and thus easier 
to handle than the lower levels found with doses of about 
1 ug per ke 
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RADIOACTIVITY 


THE RELATIONSHIP BETWEEN THE AMOUNT OI 


up To 12 
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EXCRETED IN THE URINE HOURS 


AFTER INTRAVENOUS INJECTION OF FOLIC 


WHEN THE CARRIER MASS WAS VARIED FROM 1 TO 1,430 uG 
KG; 


ACID 


PER 12 HOURS WAS CHOSEN AS THE ENDPOINT, SINCE 


AT THIS TIME THE RATE OF EXCRETION OF RADIOACTIVITY 


HAD FALLEN TO A LOW LEVEL, 


A variable proportion of the radioactivity ex- 
creted in the urine was unchanged folic acid; this 
With 150 pg per kg, 
75 per cent was folic acid; with 
to 50 per cent; and with 1.5 pg 
30 per cent. The identity of the 


depended on the dose given. 
15 pg per kg, 40 
per kg, only 1 to 
other radioactive 
compounds present is dealt with below. 

Renal handling of folic acid. During the course 
of several of the studies described in this report 
it was possible to collect urine during periods when 
the plasma radioactive folic acid concentration had 
for 1 The 
range of plasma concentrations studied was 0.05 to 
3,000 pg per L. 


been maintained hour or longer. 


At plasma concentrations above 10 pg per L 
the clearance is independent of the plasma level 
and averages 51 + 3.1 ml per minute (Figure 4). 
At lower plasma concentrations the clearance falls. 
The finding of a fixed upper limit of clearance 
lower than the glomerular filtration rate (130 to 
140 ml per min) made us suspect that a consider- 
able fraction of the plasma folic acid was non 
filtrable because of binding to plasma proteins. 
This possibility was examined by ultrafiltration of 
The 


plasma was equilibrated at 37°C with CO, at a 


plasma containing radioactive folic acid. 


partial pressure of 40 mm Hg. The results il- 
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SUBJECTS 


URINARY CLEARANCE OF FOLIC ACID IN NORMAL 


The 


dashed line is the clearance expected if filtration of the 


IN RELATION TO PLASMA CONCENTRATION, 


plasma folic acid that is not protein-bound occurred 


without tubular reabsorption or secretion. It agrees well 
with the mean clearance found when the plasma concen 
tration was in excess of 10 wg per L. Ordinate: urinary 


clearance of radioactive folic acid. Abscissa: plasma 


radioactive folic acid. 


lustrated in Figure 5 show that binding is practi- 
cally uniform over the whole concentration range 
of 5 to 3,000 pg per L 


Similar results were obtained by 


with an average of 64 per 
cent bound. 
equilibrium dialysis. 

Making allowance from these figures for the 
amount of folic acid that is bound and unavailable 
for filtration, we arrive at a clearance of 140 ml 
per minute for free folic acid. It appears, there- 
fore, that the renal handling of folic acid for plasma 
levels above 10 pg per L can be accounted for 
simply by glomerular filtration of unbound folic 
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Fic. 5. PERCENTAGE OF RADIOACTIVE FOLIC ACID BOUND 


TO PLASMA PROTEIN AS DETERMINED BY 


aT 37°C anv 40 mM He PeCO.. 


ULTRAFILTRATION 





1690 JOHNS 


Die - bug/kg 


_ —viSug/kg 


1SOug/kg 
ok 


° 
~ 1430u9/k9 








HOURS 


"IG VOLUME OF DISTRIBUTION OF RADIOACTIVE FOLI¢ 


ACID RETAINED IN THE BODY AFTER INTRAVENOUS INJECTION 
OF 9 TO 14 we OF 
RIER TO 1, 15, 


extracellular 


rRITIATED FOLIC ACID DILUTED WITH CAR- 
150, anv 1,430 wG PER KG, RESPECTIVELY. The 
water was taken to be 0.16 L per kg and the 
When the carrier dose 


total body water 0.56 L per kg 


was 15 we per kg or less, the radioactivity was rapidly 


distributed into a space larger than the total body water 


acid without appreciable modification by the tu- 
bules. At lower plasma concentrations, however, 
the clearance is lower than would be predicted 
from these considerations and probably involves a 
low rate of tubular reabsorption—not exceeding 
0.03 wg per minute. The possibility must be con- 
that this 


folic acid by the renal tubules or urinary excretory 


sidered represents metabolic 


passages rather than a renal conservation process. 
Disposition of retained activity. 
the volume of distribution of the retained radio- 
activity shows that with doses of 1 to 15 pg per kg 
it rapidly exceeds the volume of the total body 
water (ca 0.56 L per kg; Figure 6). 
the amount of folic acid retained in the plasma and 
extracellular fluid is calculated (after due allow- 
ance for plasma protein binding) and compared 
with the total activity retained, with a dose of 1 pg 
per kg by 2 hours it is only 1/150 of the total ; with 
15 wg per kg at the same time it is 1/27; 
150 pg per kg it is 2/9. 
distribution of folic acid 


However, while the 


gives evidence of, the rapidity with which radio- 
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usage of 


Calculation of 


Indeed, if 


while for 


AND A. S. V. BURGEN 
activity is taken up into the intracellular space, 
it does not necessarily show that folic acid itself 
is concentrated within the cells, since it is possible 
that it might be trapped within the celis by con- 
version to a nondiffusible metabolite. A further 
alternative might be rapid metabolism of folic acid 
to biologically inactive products. Any extensive 
metabolism might be expected to vield tritium to 
the body-water pool. This last possibility seemed 
iunprobable because the technique of whole-plasma 
counting by the emulsion method should be able to 
detect such products but did not show adequate 
activity to account for any such metabolic con- 
version. However, to settle the matter, urine 
samples were distilled and the radioactivity in the 
water measured by the method of Werbin and 
colleagues (10) ; 24 hours after the administration 
of 15 pg per kg (10 pe) of folic acid, no radio- 
activity was detectable in the urinary water (1.e., 

0.01 pe per L.), whereas complete metabolism 
of the 6 to 7 pe of retained activity should have 
given about 0.15 we per L of tritium in the bod) 
water. We were therefore led to the conclusion 
that the uptake of folic acid did not involve ex- 
tensive degradation. 

On the other hand, if folic acid itself were be- 
ing concentrated within the cells, the lower intra- 
ratio found when large 


cellular : extracellular 


amounts of folic acid are administered suggests 
that it might be possible to displace activity from 
the cells by subsequent administration of a large 
folic This 


Figure 7 shows an ex- 


carrier dose of nonradioactive acid. 
proved to be the case. 
periment in which 1.55 wg per kg of tritiated folic 
acid was given; by 6 hours the plasma radioactive 
folic acid had fallen to 0.13 per cent of the dose 
and a total of 6.5 per cent of the injected 
At this 


time 450 wg per kg of nonradioactive folic acid was 


per L. 
activity had been excreted in the urine. 


injected intravenously; this was followed by a 


rapid rise in plasma radioactivity to 3 per cent of 


the dose per L and a greatly increased excretion of 
radioactivity in the urine. In the next 12 hours a 
further 27 per cent of the injected radioactivity 
was excreted, of which 86 per cent was identified 
as folic acid. In comparable experiments with a 
dose of 15 pg per kg of radioactive folic acid, re 
sults were similar except that as much as 90 per 
cent of the radioactivity was recovered in 24 hours. 


In this case also most of the urinary radioactivity 
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450ug/kg PGA 


155ug/kgPGA 


Fic. 7. NorMAL GIVEN 25 uC OF TRITIATED 


FOLIC ACID INTRAVENOUSLY (TOTAL FOLIC ACID 1.55 wG PER 


SUBJECT 


Plasma radioactive folic acid, and urinary radio- 
Six 


KG). 
active folic acid and total radioactivity were followed. 
hours after the first injection 450 ug per kg of nonradio- 
active folic acid was injected i.v. This was followed by a 
prompt rise in plasma radioactive folic acid and in the 
Lower curve: plasma folic 
Upper 
curves: solid line, total radioactivity excreted; dashed 


rate of urinary excretion. 
acid radioactivity as percentage of dose injected. 


line, radioactive folic acid excreted. 


At this dose-level, 
experiments were done in which intervals of up 


was identified as folic acid. 


to 3 days elapsed between administration of the 
The 
percentage of the retained activity that could be 
flushed out fell to 68.5 per cent after 24 hours and 
3ut even in the latter 


tritiated folic acid and the “flushing” dose. 


to 47.2 per cent after 3 days. 
case 65 per cent of the activity was free folic acid. 
It seems clear from these experiments that folic 
acid is initially removed from the circulation and 
accumulated in the cells as such but is then rela- 
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tively slowly converted into a nondisplaceable form 
at a rate that is dependent on the dose of folic acid 
administered. 

Disposal of p-aminobenzoylglutamate. In view 
of the rapid intracellular uptake of folic acid we 
thought it of interest to compare the behavior of 
tritium-labeled p-aminobenzoylglutamate, which 
differs from folic acid only in the absence of the 
pteridine structure. This substance, when given 
intravenously in a dosage of 7.62 pg per kg (equiv- 
alent on a molar basis to a folic acid dose of 15 
pg per kg) was found (Figure 8) to distribute it- 
self into a maximal volume of 220 ml per kg, cor- 
responding approximately to the plasma and inter- 
stitial water spaces. Urinary excretion was rapid, 
the clearance being 360 ml per minute, suggesting 
A total of 94 per cent 
of the dose was recovered from the urine in 24 


active tubular excretion. 
hours. It appears, therefore, that the pteridine 
moiety of the molecule is essential for active up- 
take into the cells. 

Distribution of urinary radioactivity. Folic 
acid isolation procedures suggested that part of 
the radioactivity present in the urine after an in- 
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p-AMINOBENZOYLGLUTAMATE 
O----O, Plasma radioactivity ; 


volume of distribution of retained activity. 
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{ urinary radioactivity before and after a flushing dose of unlabeled folic acid 


5-1 hour after initial dose* 
Ivity 


Excreted 


dpm/hr 
14.6 X 10 


Pteridine zone 


p-Aminobenzoyl- 
glutamate zone 29.6 & 10% 
Ee | 


2.3 X& 104 


Folinic zone 
Folic 


Pteroyltri- 
glutamate zone 


“NaOH” eluate 


zone 


0.0 K 104 
1.6 X 10% 


Potal 65.8 XK 10+ 


* Folic acid containing 4.81 & 107 dpm 


travenous dose of tritium-labeled folic acid repre- 
sented unchanged folic acid. This is in agree- 
ment with the finding of Anderson and colleagues 
that much of the 


creted in the urine after an oral dose of tritiated 


(8) radioactive material ex- 
folic acid is folic acid or its analogs. 

In an attempt to identify some of the other ra- 
dioactive compounds present, a dose of 1.5 yg per 


kg ( 22 


pc) of tritium-labeled folic acid was ad- 
ministered intravenously to a normal adult male 
subject and a flushing dose of 30 mg of nonradio- 
active folic acid given at 6 hours; urines were col- 
lected both before and after the flushing dose and 
chromatographed after the addition of carriers : 


One mg each of p-aminobenzoylglutamic acid, folinic 
acid, folic acid, and pteroyltriglutamic acid was dissolved 
NaHCO,. This 


The urine was 


in 1 ml of 0.2 per cent solution 
added to 10 ml of diluted to a 
volume of 120 ml with distilled water and applied to a 
DEAE-cellulose 

equilibrated as described in Methods. <A 


0.4 ml per 


was 
urine 
1x7 cm column of prepared and 
rate of 


collected 


flow 


minute was used and the effluent 
after being passed through a recording ultraviolet ab 
sorptiometer. After application of the diluted urine, the 
column was developed with phosphate buffers of 0.01, 
0.03, 0.06, 0.2, and 0.4 M, at pH 6.9. At the end of the 
run the column was cleared with 0.5 N NaOH solution. 
The location of the carriers in the collected fractions was 
determined from the absorptiometer record, identification 
being aided by determination of diazotizable amine in 
the various fractions before and after reduction by the 
Bratton-Marshall The 


activity found is shown in Table ITI. 


radio- 
All of the radio- 
activity applied to the columns was recovered in the six 


method. distribution of 


fractions listed. 


Activity 
in urine 


0-1 hour after flushing dose 2-3 hours after flushing dose 


Activity 


Excreted in urine Excreted 


dpm/I 


7.6 X 10! 


lpm hi 


5.8 & 104 


24.1 X 10 
5.2 X 10 
361 & 10% 


14.0 <* 104 
3.6 X 104 
Zoe 10° 


0.0 X 101 
2.8 « 10! 


0.0 K 104 
3:0 > 10° 


401 X 104 259 x 10% 


It will be noted that in the second half-hour 
after injection, the rate of excretion of tritiated 
folic acid was very low, but there was a consider- 
able excretion of p-aminobenzoylglutamate and 
pteridines. The latter were roughly in the pro- 
portions to be expected from the biological splitting 
of folic acid. Since no precautions were taken in 
these experiments to maintain a reducing milieu 
in the urine, at least some of these latter fractions 
were probably formed in the urine by the break- 
down of reduced folates. No pteroyltriglutamate 
was detected in any of the samples. In the sam- 
ples obtained after the flushing dose of folic acid 
there was a great increase in the rate of folic acid 
excretion but only such gradual decline in the 
excretion of the metabolites as might have been 
expected in the absence of flushing. 


DISCUSSION 

The avidity with which folic acid is removed 
from the plasma by the tissues is quite remarkable. 
In the experiments in which 1 pg per kg was in- 
jected, 90 to 95 per cent was removed in 3 minutes 
and 60 per cent in one circulation time. This sug- 
gests that a high affinity for folic acid must be a 
property of most tissues. This high affinity leads 
to a high relative concentration of folic acid inside 
cells. A similar rate of disappearance for folic 
acid has been reported by Chanarin, Mollin and 
(12) 
method, and for folinic acid by Spray and Witts 
(33). 


Anderson using a microbiologic assay 
> > / 


On the other hand, Methotrexate (4-amino- 
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10-methylpteroylglutamic acid) (16) and p-amino- 
benzoylglutamic acid are not so treated and indeed 
appear to be restricted largely to the extracellular 
space. Two explanations can be offered for the 
tissue accumulation of folic acid: specific binding 
within the cells or a selective uptake process medi- 
ated by transport across the cell membrane or 
both. 
certainly operational is shown by the differences 


That the selective uptake mechanism is 


in behavior between folic acid and the other two 
The of 
p-aminobenzoylglutamate to be accumulated in the 
tissues results from a failure to penetrate into the 


compounds. failure Methotrexate and 


intracellular space. This defect is most readily 
explained if there is a specific membrane trans- 
port process for folic acid which is unable to trans- 
port the other two substances. The process of 
uptake is thus highly specific and is dependent 
not only on the presence of the pteridine ring but 
of specific substituents upon it. It would in any 
case be difficult to explain the rapid uptake of a 
molecule as bulky, polar, and lipoid-insoluble as 
folic acid without invoking a specific transport 
process. The accumulation of folic acid within 
the cells appears, therefore, to be due to a “pump 
and leak” mechanism similar to that described for 
In this kind of 
process the substance is pumped into the cell but 


amino acids and for cations (17). 


tends to diffuse back, and the steady state cellular 
concentration depends on the balance of these two 
processes. The very high intracellular concentra- 
tion of folic acid observed points to an accumula- 
tive process with a high affinity and capacity. 
Whether a binding of folic acid to specific sites 
within the cell also occurs we are unable to say 
from the present data. 

It has been estimated that the daily intake of 
folic acid in the diet is 100 to 200 pg (18); this 
amount could be transported to the storage sites 
without the blood level’s ever exceeding 0.5 pg per 
I... Our results are entirely consistent with the 


view of Herbert (19) that there is little or no 


free folic acid in the fasting plasma and that the 


L. casei factor of plasma is some other form, per- 
haps tetrahydropteroyltriglutamate. However, the 
present data do not provide evidence of any pre- 
cise level of free folic acid in plasma. 

The gradual decrease with time in the amount 
of folic acid that can be flushed out of the cells can 
he explained either by a gradual redistribution of 
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the folic acid into tissues that hold folic acid more 
tenaciously or, more likely, the conversion of free 
folic acid into tissue storage forms such as the 
“prefolic A” of Donaldson and Keresztesy (20). 

The relatively small dependence of the urinary 
clearance of folic acid on the plasma concentration 
points up the unimportant role of the kidney in 
conservation of this vitamin. Renal conservation 
appears to be unnecesary in view of the high stor- 
age capacity of the tissues and consequent prerenal 
deviation of ingested folic acid. Our interpreta- 
tion of the renal clearance data here differs radi- 
cally from that given by Condit and Grob (21). 
These authors found a similar clearance but in- 
terpreted it as due to free glomerular clearance 
followed by proportionate tubular reabsorption. 
This assumption was based on their finding of 
We, on 


the other hand, find an average of 64 per cent of 


very little binding of folic acid to plasma. 


the plasma folic acid bound, irrespective of con- 
centration. It is of interest in this connection to 
note that (16), 
found an average of 46 per cent of Methotrexate to 


Freeman using similar methods, 


be protein-bound. Condit and Grob, in their cal- 
culation of the clearance of endogenous folic acid, 
also do not consider the possibility that much of 
the plasma folic acid activity measured micro- 
biologically may not be due to folic acid itself. 
Determinations with tritiated folic acid are free 
from this difficulty and indicate clearances of 
about 20 to 40 ml per minute with concentrations 
of 7 to 24 wg per L. This is the level of normal 
plasma folic acid activity found by Herbert and 
Condit 
and Grob find a urinary clearance of less than 1 


colleagues (22) by microbiological assay. 


ml per minute for endogenous folic acid activity. 
The discrepancy in the clearance values found by 
the microbiological and radiochemical methods 
seems to be another indication that little of the 
endogenous plasma folic activity is actually folic 
acid, 

The other compounds excreted in the urine are 
of some interest. Considerable amounts of labeled 
folinic acid appear to be excreted in the urine, but 
the concentration falls with time and does not 
seem to be increased by a flushing dose of folic 
acid. This probably indicates that folinic acid 
formation parallels the amount of free folic acid 
within the cells which is decreasing with time 
after the injection, and thus the rate of production 
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After a 
flushing dose it might be expected that the excre- 
tion of labeled folinic acid would fall. 


of folinic acid also decreases with time. 


This ap- 
pears to occur. Similar changes occur in the 
pteridine and p-aminobenzoylglutamate fractions, 
which are probably derived from tetrahydro- 
pteroylglutamate. The lack of any activity in the 
pteroyltriglutamate fraction in the urine is per- 
haps not surprising since, if a pteroylpolyglutamate 
were flushed out of cells, it would probably be rap- 
idly hydrolyzed by serum folic acid conjugase 
(23). The inability to demonstrate pteroyltriglu- 
tamate does not mean that reduced triglutamates 
are not excreted since, even if they were stable 
under these conditions, which is unlikely, the buf- 
fer concentrations needed for their elution from 
the column may be quite different from that re- 
quired for pteroyltriglutamate (24). 

It must be pointed out in this connection that 
identification of folic acid derivatives by the chro- 
matographic procedures we have used are by no 
means rigorous. Materials are identified by their 
position in an elution system corresponding to 
known markers, but the possibility of coincident 
elution of other labeled compounds with similar 
chromatographic properties has not been excluded 


Chro- 


matography in several systems to a constant spe- 


for substances other than folic acid itself. 


cific activity would be required but has not vet 


been attempted. 
SUMMARY 

1. Tritium-labeled folic acid was administered 

intravenously in man at dosage levels of 1, 15, 150, 

and 1,430 pg per kg. 

for several hours. 


Blood levels were followed 
The fraction taken up by the 
tissues was greater at the lower dosage levels. 

2. Tritium-labeled folic acid could be displaced 
from the cells by large flushing doses of unlabeled 
folic acid at any time up to 3 days after the initial 
dose. The amount that could be displaced de- 
creased with time. 

3. At low dosage levels most of the urinary ra- 
dioactivity consisted of metabolic products of folic 
acid. At high dosage levels or after a flushing 
dose of unlabeled folic acid, as much as 90 per 
cent of the urinary radioactivity was found to be 
due to unchanged folic acid. 

4. Tritium-labeled folic acid in plasma was 64 


per cent protein-hound, the renal clearance at 


SIMONETTA SPERTI 


AND A. S. V. BURGEN 
plasma levels above 5 pg per L averaging 51 ml 
per minute. At very low plasma levels the renal 
clearance fell. 

5. The uptake of folic acid appeared to be a 
specific process dependent both on the pteridine 
structure and on substituents on the pteridine ring. 
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Study of the synthesis, catabolism and nature 
of y-globulin has been facilitated by the availability 
in mice of transplantable plasma-cell tumors, each 
capable of synthesizing characteristic and different 
forms of plasma globulin (1). Since the use of 
such tumors in inbred mice readily permits mul 
tiple comparable observations, a study was carried 
out in sufficient detail to permit evaluation of the 
effects of different plasma-cell tumors on the me- 
The find- 
ings were compared with those in human multiple 


tabolism of individual serum proteins. 


myeloma in which published results are few and 


apparently conflicting. Thus, Berson and Yalow 


(2) found the fractional turnover rate of a y-mye- 
loma protein to be approximately normal in the 
donor patient as well as in another patient with- 
out a serum myeloma protein. Lippincott and co- 
workers (3, 4), however, observed a rapid turn- 
over of normal y-globulins and y-myeloma proteins 
in patients with y-myeloma proteins. Gamma- 
globulin turnover was less rapid in patients with 


Neufeld 


rapid turnover for globulins in a patient with a 


B-myeloma proteins. (5) also noted a 
myeloma protein. 

Two tumors were selected for the present study. 
The plasma-cell tumor 5563 (6) produces a 
y-myeloma protein that is a y-globulin on im- 
munoelectrophoresis and a single 6.5S component 
on ultracentrifugal analysis. This is analagous 
to the y-type myeloma proteins in man. A second 
mouse plasma-cell tumor, 5647 (7), however, pro- 
duces a B-myeloma protein with ultracentrifugal 
components of 9, 11 and 13S and distinctive im- 
munological properties similar to the character 
istic features of beta (82, )-type myeloma globulins 
inman. The serum levels of the normal y-globulin 
components are reduced with the 5563 tumor, but 


this is less evident with the 5647 tumor. 


Present address: National Cancer Institute, Bethesda, 


Mf 


Purified albumin, normal y-globulin, and 5563 
y-myeloma protein from the mouse and normal 
human 6.68 y-globulin were labeled with radio- 
iodine. The metabolic behavior of these proteins 
was studied in normal mice as well as in mice bear- 
ing the y (5563) plasma-cell tumor, the B (5647 ) 
plasma-cell tumor or a mammary carcinoma, This 
last tumor produced no serum myeloma protein 
but was transplanted and grew in the same way 
as did the others and thus served as a control for 
the effect of the presence of ne yplasm per se on 


the turnover of these proteins. 


The y (5563) plasma-cell tumor has a pro 


found effect, markedly increasing the turnover of 
both normal mouse y-globulin and 5563 y-myeloma 
were noted with 


globulin. Less marked effects 


the B (5647) plasma-cell tumor. Albumin turn- 


over, however, was not altered by the tumors. 


MATERIALS AND METHODS 


Mi cs 
through the 


C.H/He 
kindness of Dr. 
NIH, 


brother-sister mating 


were obtained 
Potter, National 


maintained by 


BAlb/c_ strains 
Michael 


and the 


and 


Cancer Institute, lines 


Plasma-cell tumor lines 5563 and 5647, both 
C.H 


The mammary carcinoma of C,H mice was ob 


Tumors. 


of which mice, obtained from Dr 


Potter. 
tained 


grow 1n were 


from Dr. J. Craigie, and is maintained at the 


Imperial Cancer Research Fund Laboratories, Mill Hill. 
All three tumors are passed by subcutaneous implanta- 
tion with a trochar, and grow during the course of 8 to 
12 weeks to form large nodules, weighing up to 8 g be- 
fore metastasis occurs. Tumor-bearing mice are in good 


general health until the terminal stage and show no 


renal abnormality. The paper electrophoretic patterns 


of serum obtained from mice bearing these tumors are 
illustrated in Figure 1. 

Each plasma-cell tumor produces a characteristic pro- 
tein: the 5563 tumor forms a large amount of y-mye- 
loma protein, while the 5647 tumor forms large amounts 
of B-myeloma globulin. The physicochemical and im- 
munochemical properties of these myeloma proteins are 
detail The 


carcinoma was not associated with any significant changes 


described in elsewhere (8, 9). mammary 
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in plasma proteins when examined by paper electropho 
resis (Figure 1). 

Proteins. Normal mouse y-globulin was prepared from 
the pooled serum of normal adult C,H mice or from 
fluid had 


been hyperimmunized with hemocyanin (Maia squinado) 


pooled peritoneal obtained from mice which 


in Freund's adjuvant (10, 11). Zone electrophoresis was 
carried out on polyvinyl chloride particle blocks (Geon 
426) (12), and serial fractions from the y-globulin re- 
gion of each block were individually tested for the pres- 
other 


serum proteins by the 


double-diffusion ) 


ence of y-globulin and 


Ouchterlony technique (agar employ- 


ing potent rabbit antisera against normal mouse serum 


proteins and against normal mouse y-globulin (9). 


Those y-globulin fractions which were free from con- 
taminating protein were pooled and concentrated by ul 
trafiltration (13), dialyzed against pH 7.4 sodium phos- 
phate-buffered saline and tested for purity by starch gel 
immunoelectrophoresis employing 


electrophoresis and 


rabbit antinormal serum. At no time in the 


preparation of the normal mouse y-globulin or the 5563 


mouse 
myeloma protein were the fractions frozen. 


The 5563 myeloma protein was prepared by the method 


of Askonas (14). Chromatography of serum containing 


SERUM ELECTROPHORESIS 


NORMAL 


~_\ 


5563 
PLASMA-CELL 
TUMOR 





5647 
PLASMA-CELL 
TUMOR 





MAMMARY 
CARCINOMA 


GAMMA BETA ALPHA = ALBUMIN 


Fic. 1. SERUM PATTERNS OF MICE, 


Zone electrophoresis under standard conditions (cf Meth- 


ELECTROPHORETIC 


ods) was carried out on paper strips stained by lissamine 
green and the protein distribution determined by densi- 
tometric tracing. 


PROTEIN METABOLISM 


approximately 7 g myeloma protein per 100 ml on col 
umns of diethylaminoethyl (DEAE) cellulose was done 
(15), employing a gradient elution system (12), with an 
initial concentration of 0.015 M phosphate in a pH 6.5 
potassium buffer and a limit concentration of 0.050 M 
phosphate while retaining pH 6.5. The central portion 
of the myeloma protein elution peak was pooled, con- 
centrated, dialyzed and tested in the same manner as the 
normal serum y-globulin. 

Mouse albumin was prepared from normal C,H mouse 
serum by Geon block electrophoresis, and selection of 
the midportion of the albumin zone for concentration and 
The 


final preparation contained small amounts of a prealbu 


dialysis against buffered saline as described above. 


min and a postalbumin component when tested by starch 
gel electrophoresis. 

DEAE-cellulose 
adult 


Human y-globulin was prepared by 


chromatography of serum from a_ normal male 


donor. <A gradient elution system, starting with a 0.01 
M phosphate, pH 8 buffer, permitted separation of an 
6.6S y-globulins (12). 


Was 


initial fraction containing only 
No. other 


employed. 


fractionation procedure (i.e., ethanol) 
The starch gel electrophoretic properties of 
the serum protein fractions are shown in Figure 2. 

Todination with I. 


monochloride 


lodination was performed by the 
iodine McFarlane (16) ; 
oxidation with I’ at pH 4.6 was performed in the case 
The 


duced corresponded to 0.2 to 0.5 atom per mole of pro- 


method of pre- 


of mouse albumin only. amount of iodine intro 
tein, taken as 160,000 mol wt for normal mouse y-globulin, 

y-globulin, 
About 60 to 


80 per cent of the added iodine became attached to protein 


5563 myeloma protein and normal human 


and as 60,000 mol wt for mouse albumin. 


After iodination, free iodine was removed by passage 
through a column of Deacidite-FF in the chloride form 
Co., 
mouse serum was added so that the total radioactivity 


( Permutit Ltd. Gunnersbury, England); normal 
was less than 10 wc per mg protein, and the mixture was 
concentrated to a convenient volume by dialysis under 
pressure against physiological saline buffered at pH 7.0. 
The iodinated proteins, mixed with normal mouse serum, 
were tested by paper electrophoresis and found to have 
the characteristic electrophoretic mobilities of the parent 
proteins. 

Estimation of radioactivity. Each mouse was housed 
in a separate cage, and was provided with drinking water 
containing 0.45 per cent NaCl and 0.01 per cent KI in 
order to accelerate renal excretion of free iodine and to re- 
duce uptake of I by the thyroid gland to a minimum. 
Whole-body radioactivity was measured daily or more 
frequently, in the ring-counter described by Campbell, 
Cuthbertson, Matthews McFarlane (17). The 


whole-body radioactivity was considered to be a good 


and 


estimate of the retained labeled protein, for 98 to 99.5 per 
cent of radioactivity in numerous blood samples taken at 
various times during the tests was present as protein 
Radioactivity in plasma samples was measured in a well 
type scintillation counter, both before and after precipita- 
tion of protein. Protein was precipitated from blood or 


plasma samples with 10 per cent, wt/vol, trichloroacetic 
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Fic. 2. STARCH GEL ELECTROPHORESIS OF 


NORMAL 


AND | 


MOUSE SERUM AND SERUM PROTEIN FRAC- 


Vertical electrophoresis was carried out in 0.03 M Tris borate buffer, pH 9.2, with a 


discontinuous buffer (26, 27). NMS 
y-globulin, 5563 MP 
NMA 


serum. 


system 


normal mouse albumin, NHy = normal 


give 


to 


figures 


enough 


All 


acid Counting was continued long 
an accuracy of at least +3 per cent were 


corrected for radioactive decay. 

Blood samples during the experiments were taken from 
the retro-orbital venous plexus under ether anesthesia by 
a technique similar to that described by Halpern and 
Pacaud (18). At the 
were sacrificed and bled out from the heart with a hepari 


end of the experiment the mice 


The terminal blood samples were used 


The 


nized syringe 
for determination of the hematocrit values mice 


t 
allowance being made for the blood 


excised 


were then weighed ( 


removed) and tumors were and weighed sepa- 


rately. 
Vethods f weul 


lated from the 


Blood 


radioactivity of blood samples taken 2 to 


itton volumes were calcu- 


3 minutes after injection of known amounts of radioactive 


protein into a tail vein. Plasma volumes were obtained 


the 


ratio of the 


a knowledge of blood volumes and the hemato 


The 
vascular plasma pri 


dec ay 


trom 


crit values extravascular to the intra- 


tein pools was calculated from the 
curve of plasma protein radioactivity as indicated 


(19 


material to be 


and Mayerson Approximately 


by Wasserman 


15 uC (1.5 mg) ot eacl examined was in 


jected into the tail veins of 4 or more mice. The findings 


within each group agreed closely except when there was 


a gross difference in tumor sizes. For this reason mean 


values are recorded, unless there was a reason for re- 


myeloma protein from se 


normal mouse serum, NMy=normal mouse 


ra of mice bearing the 5563 plasma-cell tumor, 


human 6.6S y-globulin, NHS = normal human 


cording values individually for each mouse in a group 
The half-time was determined from graphic plots of the 
total 
The per cent I*’-protein degraded per day was obtained 


body radioactivity corrected for physical decay. 


by dividing the observed half-time into 0.693, the natural 
logarithm of one-half. The quantity of any protein in the 
(total the total 


amount of exchangeable component, and the quantity of the 


circulation circulating component), 


protein component degraded per day were calculated in 


the usual way (17) 
RESULTS 
Turnover in normal mice 


Mouse albumin. Approximately 15 pc (1.5 mg) 
['*!_mouse albumin obtained from C.H mice was 
injected into four normal C,H mice weighing 21 
to 
disappearance of radioactivity from the whole 


29 g (mean 27 g). The findings in respect to 
body are illustrated in Figure 3 where labeled al- 
bumin was found to have a mean half-life of 1.54 
days. Since the plasma radioactivty was 98 to 99 
per cent protein-bound at all times in the experi- 
ment, the whole-body radioactivity curves can be 
taken to represent I'**-protein catabolism. 
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TURNOVER OF PROTEINS IN NORMAL MICE 
—— — 7 — 
—e— Normal Mousey Globulin (NMy) 
5563 Mouse Myeloma Protein(5563M) 


—e— Normal Human y Globulin(NHy) 


INJECTED DOSE 


PERCENT OF 


—O— Normal Mouse Albumin 


! 


2 
DAYS AFTER 





INJECTION 
Fic. 3. [***-pROTEINS 


NORMAL 


MEAN IN JECTED 


MICE. 


ELIMINATION OF 
The range of values indicated by 
the brackets includes observations in 11 (C,H or 
BAIlb/c) for normal mouse y-globulin, 6 mice for human 


INTO 
mice 


y-globulin before immune response, 9 mice for 5563 mye- 
loma protein and 4 mice for normal mouse albumin. 
Total body radioactivity counts were measured daily, 
corrected for physical decay and recorded on the ordinate 
as the per cent of injected dose. Daily mean values fell 
on the lines and are not shown unless the catabolic curves 
were not straight lines. 

normal C.H 


['*"-Jabeled 


mouse y-globulins were administered to a total of 


Normal y-globulin. 


eight normal C,H mice in two separate experi 
ments and were found to have a mean half-time of 
4.6 days, as shown in Figure 3. The same half 
time was observed when y-globulin was given to 
normal BAIb/c mice. In order to check that the 
half-life of the various proteins obtained by whole- 
body radioactivity was close to their half-life in 


the plasma, blood samples were examined daily 


in several tests. Figure 4 shows that the elimina- 
tion rate for normal mouse y-globulin agreed well 


The 


mouse 


with that observed by whole-body counting. 
for the half-life of 
y-globulin observed here is considerably longer 
than previously reported values (20). 
for this are considered in the Discussion. 

5563 Myeloma protein. The 5563 y-myeloma 
protein was treated by the normal mouse in the 


mean value normal 


Reasons 


PROTEIN METABOLISM 1699 


When 


injected into eight normal mice the mean was 


same manner as normal mouse y-globulin. 
found to be 4.9 days (Figure 3). There was no 
difference in the behavior of 5563 myeloma pro 
tein when given to normal C,H or BAIb/c mice. 
Normal human y-globulin. Approximately 1.5 
mg of I'** human 6.6S y-globulin was injected in 
travenously into five normal C,H mice. Since no 
antibody formed during the first 5 days, it was 
possible to measure the elimination rate with 
before immune elimination 


reasonable accuracy 


occurred. Only whole-body counts were made in 
this experiment. It is evident from Figure 3 
that 
mouse y-globulin in a similar way, both having a 


half-life of 4.6 days. 


normal mice treat human y-globulin and 
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5. ELIMINATION OF NORMAL MOUSE ‘y-GLOBULIN 


FROM TUMOR-BEARING MICE, 


The median weight of the 
mammary carcinoma tumors in 4 mice was 3.3 g. 


Turnover in tumor-bearing mice 


55 This which 


produces a y-myeloma protein (Figure 1), caused 


93 Plasma-cell tumor. tumor, 


a striking increase in the turnover of normal mouse 
y-globulin and 5563 myeloma protein (Figures 5 
and 6) but no evident alteration in albumin turn- 


over (Figure 7). Normal y-globulin turnover 


was measured in four mice which bore tumors 


with an average weight of 3.4 g. The mean half- 


time was 1.8 days, compared with 4.6 days in 


5563 GAMMA MYELOMA PROTEIN 
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ELIMINATION OF MOUSE ALBUMIN FROM TUMOR- 


BEARING MICE, 


normal mice. Even a 1.2 g tumor, which repre- 
sented less than 5 per cent of the total body weight, 
had a profound effect on y-globulin turnover 
(Figure 5). 

The turnover of 5563 y-myeloma protein was 
also markedly increased by the tumor. A mean 
half-time of 1.5 days was observed in four mice 
bearing tumors with an average weight of 3.3 g. 
The half-life of the various proteins obtained by 
whole-body counting was checked by measurement 
of their half-life in the plasma. The data in Fig- 
ure 4, showing the elimination of I**'-labeled nor- 


mal mouse y-globulin, or 5563 myeloma protein 


(two in each group of four normal mice and four 
mice with 5563 plasma-cell tumor), correlate well 
with the elimination rates determined by whole- 
body counting. 

Albumin turnover, by contrast, was not ap- 
preciably altered in four mice bearing 5563 tu- 


As is 


shown in Figure 7, the half-time was 1.46 days. 


mors weighing 3.7 to 6.9 g (mean 4.9). 


Human y-globulin turnover was also measured 
in four mice with 5563 tumors, as is shown in 
Figure 8, and was found to be accelerated (mean 
half-time 2.8 
3.7 to 69 g. 


marked than that seen with the homologous globu- 


days) in mice with tumors weighing 


This effect, although real, is less 


lins. 
5647 Plasma-cell tumor. 
tumor had less effect on y-globulin turn- 


This 8-globulin-pro- 
ducing 
over than did the y-type plasma-cell tumor (Fig- 
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ELIMINATION OF HUMAN 6.6S y-GLOBULIN FROM 
TUMOR-BEARING MICE. 


ure 6). The 5563 y-myeloma protein had a mean 
half-time of 3.8 days in five mice bearing 5647 tu- 
mors weighing 1.3 to 6.3 g (mean 3.2), in con- 
trast to a half-time of 4.9 days in normal mice and 
to 1.5 days in mice with 5563 tumors of similar 
size. 

Human y-globulin turnover was also less mark- 
edly affected, the mean half-time being 4.1 days 
for seven mice with 5647 tumors (Figure 8), com- 
pared with 4.6 days in normal mice and 2.8 days 
in mice with the 5563 tumor. Albumin turnover 
was not measured. 

Mammary carcinoma. This tumor grew at about 
the same rate as did the plasma-cell tumors but 
caused no evident change in the plasma proteins. 
It served as a control for the effects of the presence 
of malignant tissue per se on plasma protein me- 


1701 


tabolism. .\s is shown in Figure 5, the turnovet 
of mouse y-globulin was normal, the mean half- 
time being 4.8 days in four mice with a mean tu- 
mor weight of 3.3 g. Albumin turnover was 
slightly prolonged, with a mean half-time of 1.9 
days in four mice whose tumors weighed 2 to 7 g 


(mean 5; Figure 7). 


Rates of protein synthesis 


The intravascular pool of serum protein, de- 
termined from the measurements given in Figure 
4, constituted about 45 per cent of the total in 
the body. In Table I are summarized the values 
obtained for blood and plasma volume and for the 
ratio of intravascular to total plasma protein. 

Albumin synthetic rate was calculated from the 
data assembled in Table II. Approximately 116 
mg of albumin is synthesized per 100 g of mouse 
weight—.e., about 29 mg albumin per day for 
each 25 g normal mouse. The synthetic rate and 
the fractional rate of albumin degradation were 
not markedly altered by the presence of the 5563 
plasma-cell tumor. The serum albumin concen- 
tration was substantially reduced, however, by a 
dilutional effect from increased plasma volume 
and increased extravascular distribution of al- 
bumin. 

Normal 


twentieth that of albumin. 


y-globulin synthesis was only one- 
Table IT, 


approximately 5.2 mg of y-globulin was synthe- 


As is seen in 


sized per 100 g mouse weight, or 1.3 mg per 25 g 
mouse. 

Presence of the 5563 plasma-cell tumor more 
than doubled the fractional rate of normal y-globu- 


lin removal. Calculation of the rate of normal 


TABLE I 


Effect of tumors on volume of protein distribution 


Range ot 
tumor 
weights 


‘ 


Blood volume 


\pprox. ratio, 
intravasc. and total 


Plasma volume plasma protein 


i, total 


ml /100 g ml (100 ¢ 
body wt | 


total wt total wt 
Normal C;H 7,.0-2.25 3.9 
Normal BAIb/c 
5563 Plasma-cell 

tumor 
5647 Plasma-cell 

tumor 


Mammary carcinoma not done 
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IABLE 11 


Comparison of body content, turnover, and synthetic rate of plasma pi ys in normal and tumor-bearing mice 


globulin Albumin 


Mammary 


carcinoma 


rmal 5563 


5563 1 5647 Tumor carcinot Tumor mouse Tumor 


if 0.20t t 0.404 0.20% 


10.6 g (5647 tur 10.9 g (mammary carcinoma) and liver weight of 6 g 


lescribed in the text 
0.693 
100 (1 - ) 
I 


y-globulin synthesis in the presence of this tumor, 

however, requires an assumption as to the level of 
| 

The large 


normal y-globulin components. 


the 
amount of myeloma protein overshadows much of 
the y-globulin region and prevents quantitative 
measurement of the normal components, but im- 
munoelectrophoresis and starch gel electrophoresis 
have shown that normal y-globulin components are 
reduced (8, 9). Since such analyses were not 
susceptible to quantitative assessment, two sets of 
calculations are made in Table II, based on the 
assumption that normal y-globulin concentrations 
were in the range of one-half to one-quarter the 
normal level. If these assumptions are correct, 
the rate of y-globulin synthesis was about normal 
in the presence of the 5563 tumor. 
The 8-globulin-producing 5647 plasma-cell tu- 
mor had much less effect on the fractional rate 
of y-globulin removal than the y-globulin-produc- 


ing 5563 tumor, although the mean tumor weights 
were approximately the same: 3.2 and 3.4 g, re- 


spectively.’ Difficulties in measuring the level of 


calculations of the catabolism of normal mouse 


The 


y-globulin in the mice bearing the 5647 tumor are based 


on the turnover of y-myeioma protein administered to 


these mice. Because of the similarity of normal y-globu 


lin and 5563 y-myeloma protein metabolism in normal and 
5563 tumor-bearing mice, it seems reasonable to believe 


that this will apply also for mice with the 5647 tumor 


normal y-globulins were encountered also with the 
5647 tumor, but qualitative tests indicated that the 
y-globulins were not so markedly reduced with 
this 
made, assuming normal or half-normal y-globulin 


tumor and, therefore, calculations were 


levels. Gamma-globulin synthesis, as shown in 
Table Il, appeared to be normal in the presence of 
this tumor. 

Gamma-globulin levels were slightly elevated by 
the presence of the mammary carcinoma, perhaps 
because some of the tumors were partially ne- 
The fractional rate of y-globulin removal 
(Table II), al- 
though the rate of y-globulin synthesis appeared 


crotic. 
was normal with these tumors 
to be increased. 

The 5563 myeloma protein was very rapidly 
degraded in the presence of the 5563 tumor, al- 
most half of the protein being removed and re- 
placed per day. The rate of 5563 myeloma globu- 
lin synthesis was calculated to be approximately 


19 mg protein per g tumor per day. 


DISCUSSION 


The catabolic behavior of y-globulin differed 
The 


half-life of 4.6 and 1.5 days for these two proteins 


notably from that of albumin in the mouse. 


differs considerably and, in this feature, stands 


apart from the usual finding in species other than 
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rodents (20). 
normal mouse y-globulin is longer than the 1.9 


The mean half-life of 4.6 days for 
days previously reported (20). The reason for 
this may be that the materials which we used were 
prepared and iodinated by techniques that more 
effectively avoided denaturation, or that the y-glob- 
ulin used in previous reports contained other se- 
rum globulins, since uncontaminated y-globulins 
In this 
connection it is worth noting that the y-globulins 


are difficult to obtain from mouse serum. 


tested in the present study had antibody activity 
and were isolated by preparative electrophore- 
sis with care, in order to obtain only uncontami- 
nated y-globulin fractions. The y-globulins were 
not frozen after purification, and iodination was 
carried out with a molecular ratio for iodine: 
y-globulin of 1:2 or less. 

The factors controlling catabolism of normal 
y-globulins and other serum proteins are un- 
known. Campbell and co-workers (17) studied 
the behavior of separately labeled albumin and 
y-globulin in the rabbit and rat and concluded, 
because of differences in urinary and plasma 
specific activity curves, that these two proteins 
were metabolized by independent processes. This 
view has been confirmed in the present studies 
where y-globulin catabolism was accelerated by a 
plasma-cell tumor without any effect on albumin 
catabolism. 

Differences in the metabolic effects of individual 
lines of malignant plasma cells were clearly evi- 
dent. The £-globulin-producing 5647 mouse tu- 
mor had a less marked effect than had the 5563 
tumor. This difference in effect between the two 
plasma-cell tumors is in agreement with the ob- 
servations of Lippincott and colleagues (3) that 
normal y-globulin turnover was greater in pa- 
tients with y-myeloma proteins than in those with 
8-myeloma proteins. 

Inasmuch as catabolism of plasma proteins oc- 
curs predominantly or exclusively in close as- 
sociation with the blood stream (17, 21) a pos- 
sible explanation for the differences observed 
might be available if the ratio of intra- to extra- 
vascular protein were much increased in mice with 
5563 tumors. This was not found to be the case. 
Another possibility would be that y-globulins were 
being lost through the glomeruli, and broken down 
during reabsorption by the renal tubules; but 


mice bearing the 5563 tumor do not show renal 
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abnormalities or increased proteinuria. The re- 
maining alternatives appear to be that either the 
presence of 5563 y-myeloma protein as such, or 
the presence of the tumor, is responsible in some 
other way. 

It is not clear, however, that a simple gross in- 
crease in y-globulin level is entirely responsible 
for the increased rate of y-globulin destruction. 
Although, in general, mice with the highest levels 
of 5563 myeloma protein had the highest y-globu- 
lin elimination rates, the correlation was not com- 
plete nor was there any simple relationship be- 
tween the two. Even the mice with a 1.2 g tu- 
mor showed elimination rates 2.1 times normal, 
while those with the largest neoplasm (6 g) were 
2.9 times normal. Sufficient 5563 myeloma pro- 
tein was not available to test directly the effect of 
maintaining high plasma levels of this protein in 
the absence of a neoplasm. It seems unlikely that 
the presence of the protein is the entire explana- 
22) found 
that rabbits, with y-globulin increased to 4 times 


tion, since Humphrey and McFarlane 


normal levels by hyperimmunization, had the same 
fractional rate of y-globulin removal as had _ nor- 
mal rabbits. The mouse with a 1.2 g 5563 plasma- 
cell tumor had a comparable increase of his total 
y-globulins but the rate of y-globulin removal was 
markedly increased. 

It is interesting that the catabolic behavior of 
the 5563 y-myeloma protein and of normal mouse 
y-globulin was similar in all groups of mice in 
which comparison was made, although the finding 
is perhaps not surprising in view of the physico- 
chemical and immunological resemblance of the 
proteins. More unexpected is the similarity in 
rate of removal and catabolism of human and rab- 
hit (20) y-globulin to mouse y-globulins, their 
What- 


ever the factors that determine their catabolic rate, 


half-life in mice being almost the same. 


it is apparent that there are some relevant differ- 
ences between mouse and human y-globulin mole- 


cules, since the presence of the 5563 plasma-cell 


tumor caused a greater increase in the rate of turn- 
over of the one than of the other. 

In view of the evidence that myeloma proteins 
in both mouse and man can be classified into two 
major groups, the y-type and 8 (or B2,)-type 
myeloma proteins (8), and because of the physi- 
cochemical and immunochemical differences be- 


tween these groups, a comparison of the metabolic 
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behavior of representative proteins from these 


two groups would be important. Although it was 


not possible to carry out a thorough comparison, 


in the course of the present work preliminary stud- 
ies were undertaken with a B-type myeloma pro- 
tein associated with the MPC-2 plasma-cell tu- 
mor of BAlb/c mice (23). The half-life in nor- 
mal mice of this B-myeloma protein was much 
shorter (about 1 day) than that noted above for 
a y-myeloma globulin, In the case of the MPC-2 
myeloma protein, however, some denaturation had 
almost certainly occurred in preparation, and the 
The MPC-2 
tumor also produces a urinary Bence Jones pro- 


When the Bence Jones protein was 


true value may be somewhat greater. 
tein (23). 
labeled and injected intravenously, plasma and 
whole-body radioactivity fell very rapidly, virtu- 
ally all having been eliminated in 24 hours. Ap- 
proximately 30 per cent of the radioactivity in 
the urine was bound to protein, presumably in 
the form of unchanged Bence Jones protein. 

The 5563 myeloma protein was synthesized in 
g (wet 
weight) of plasma-cell tumor per day. This fig 
ure determined by I'*' turnover studies may be 
compared with the value of 14 mg per g tumor 
per day estimated in studies of the turnover of 
protein labeled with C'*-lysine im vivo (24). 
\skonas (14), however, has shown that 5563 tu- 
mor slices form protein at a slower rate in vitro 


1.€., 1.5 to 2 


mg per g tumor per day, approxi- 
mately one-tenth the im vivo rate. 

Synthesis of 5563 myeloma protein occurs as 
rapidly in the plasma-cell tumor as does synthesis 
of albumin in mouse liver, which also forms ap- 
proximately 19 mg albumin per g tissue each day. 

Low serum albumin levels, a common feature 
of malignant disease in man, were found in the 
animals bearing the tumors used in the present 
study. Steinfeld (25) studied the turnover of 
albumin in 12 patients with neoplastic disease and 
found that the percentages of body albumin de- 
graded and synthesized per day were abnormal 
except in the one patient with multiple myeloma. 
Neufeld (5) reported a normal half-time for al- 
bumin in two patients with myeloma. Similarly 
in mice, the mammary carcinoma depressed the 
percentage of albumin degraded and synthesized 
per day, although the 5563 mouse plasma-cell tu- 


mor did not have this effect. Speculation on the 
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significance of a difference between the effects of 
carcinomatous and plasma-cell malignancies on al- 
bumin metabolism, however, should await fur- 
ther study, 


SUMMARY 


Transplantable plasma-cell tumors in mice 
closely resemble multiple myeloma in man, and 
both result in decreased serum levels of normal 
y-components and of albumin, in the presence of 
large amounts of myeloma protein. 

The metabolism of normal mouse y-globulin, 
of a mouse y-myeloma protein, of normal human 
y-globulin, and of mouse albumin was studied in 
normal mice or tumor-bearing mice by means of 
purified proteins labeled with I'*! 

The tumors were a y-type (5563) plasma-cell 
tumor, a B-type (5647) plasma-cell tumor, and a 
mammary carcinoma with similar growth charac- 
teristics. 

In normal mice the half-time for the turnover 
of all three y-globulins was 4.6 days, while the 
half-time for albumin was 1.54 days. 

The y-type plasma-cell tumor caused a very 
marked acceleration of Y globulin catabolism, while 
the 8-type tumor had much less, and the mammary 
carcinoma no such effect. Neither in normal nor 
in tumor-bearing mice was there any difference 
between the behavior of y-myeloma globulin and 
of normal y-globulin. 

In normal mice about 20 times more albumin 
than normal y-globulin was synthesized each day. 
The synthesis of normal y-globulin and of albumin 
was unaltered by the presence of the plasma-cell 
tumor. 

The 5563 plasma-cell tumor synthesized about 
19 mg of myeloma protein per g wet weight per 
day. This rate is at least as great as that of albu- 
min synthesis in the liver. 
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Recent studies from this laboratory (1) have 
shown that insulin has an immediate and pro- 
found effect upon net hepatic glucose balance. 
\VWhen insulin was administered at a rate (2) es- 
timated to minimize the counter-regulatory re- 


sponses to hypoglycemia, the decline in blood glu- 


cose which ensued was largely the consequence of 
a diminished hepatic release of glucose (1). 
Since, under physiologic circumstances, en- 
dogenous insulin secretion is stimulated by the 
rising blood glucose concentration (3, 4) which 
follows a carbohydrate meal, the effect of insulin 
in regulating hepatic glucose metabolism is best 
assessed in the load. 
Whether or not hyperglycemia, with its attendant 


presence of a glucose 
release of endogenous insulin, results in a de- 
crease or cessation of hepatic glucose output has 
However, 
in all but one of the previous studies (5), the 
data, 


been a controversial subject (5-13). 


conclusions were based upon inferential 
since net hepatic glucose balance was not meas- 
ured. 

The present studies were undertaken to deter- 
mine the effect of hyperglycemia and the con- 
comitant release of endogenous insulin upon he- 
patic glucose metabolism. Hyperglycemia was 
produced by the intravenous infusion of glucose. 
The rate of glucose administration was varied in 


order to define better some of the factors that con- 


* This work was supported by research grants from 
the United States Health Service (A-4236, 
H-3439), the Upjohn Company and the American Heart 
Association. An abstract has been published in J. Lab. 
clin. Med. 1959, 54, 799. 
American Diabetes Association, Miami Beach, Fla., June 
11, 1960. 
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Association. 


Public 


Presented in part before the 


Investigator of the American Heart 


trol hepatic glucose output. Dogs with complete 


end-to-side portacaval shunts were used, since 
this preparation separates the circulation of the 
liver from that of the remainder of the splanchnic 
bed and thereby permits measurement of hepatic 
rather than splanchnic glucose balance (1). 

AND 


METHODS PROCEDURE 


Twenty-two studies were performed in dogs in which 


end-to-side portacaval shunts had been performed at 


least 2 weeks earlier. The dogs were anesthetized with 
Nembutal (25 mg per kg i.v.) 15 hours after food had 
been removed from their cages. Previously they had 
been maintained on a ration in which approximately 50 
per cent of the total from carbo- 
hydrate, 20 to 30 per cent from protein, and the remainder 
from fat. 
through a cardiac catheter inserted deep into a hepatic 
vein under fluoroscopic control. Position of the catheter 
was checked at intervals during each experiment. Ar 


terial blood samples were obtained through a Cournand 


calories was derived 


Hepatic venous blood samples were collected 


needle placed in a femoral artery. 

Hepatic blood flow and the concentration of glucose 
in arterial and hepatic venous blood were determined at 
10-minute intervals throughout the study. Hepatic blood 
flow was estimated by the clearance-and-extraction 
method of Bradley, Ingelfinger, Bradley and Curry (14), 
with I**-labeled rose bengal as the extractable material 
(15). 
each blood sample by 
method (16,17). The methods used in this laboratory 
have been described in detail in a previous publication 
(1). Hepatic glucose balance in milligrams per minute 
at each 10-minute interval was calculated as the product 
of the estimated hepatic blood flow and the hepatic ve- 


Blood glucose was determined in triplicate on 


the Somogyi copper iodometric 


nous-femoral arterial glucose concentration difference. 
Two to four measurements of hepatic glucose output 
were obtained during a control period. In 11 studies, 
changes in hepatic glucose balance were then followed 
during the administration of a constant infusion of glu 
cose into a hind leg vein. In some studies, after the 
glucose was stopped, additional measurements were ob- 


tained during the “recovery” period. 
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HEPATIC UPTAKE OF 


In 11 other studies the effects of insulin, administered 
prior to and during the glucose infusion, on hepatic glu- 
cose balance determined. Glucagon-free insulin 1 
was administered slowly by constant intravenous infusion 
for 30 to 60 


Glucose was then infused, together with the 


were 


minutes after control measurements had 


been made. 
insulin, for another 60 to 80 minutes. 


RESULTS 
1. Effect on hepatic glucose balance 


A, Glucose infusion. In each of the 11 dogs 
glucose infusion produced a fall in hepatic glucose 
output (Tables I and II). Within 10 minutes 
mean hepatic glucose output fell from 50.7 to 
27.6 mg per minute. This 46 per cent decrease 
in hepatic output of glucose was associated with a 
rise in mean arterial glucose concentration of 
only 9.4 mg per 100 ml—from 82.1 to 91.5 mg 
per 100 ml. 
output fell to only 1.4 mg per minute, a 97 per 


3y 50 minutes, mean hepatic glucose 
cent change from the mean control value. From 
60 to 90 minutes, hepatic glucose output ceased ; 
instead, the liver was extracting an average of 
20.2 mg per minute during this time (Table I). 
This represents a net conservation of glucose by 
the liver of 70.9 mg per minute. 

A net uptake or positive balance of glucose 
across the liver was observed in 7 of the 11 dogs 
(Figure 1). In the other 4 animals, although net 
uptake of glucose by the liver did not occur, he- 
patic glucose output fell markedly during the in- 
fusion, averaging 5.3 mg per minute 90 minutes 
after glucose was started, a 91.2 per cent decrease 
from the mean control output of 60.5 mg_ per 
minute. 

Inspection of the data (Table I) obtained from 
11 dogs suggests that a positive glucose balance 
across the liver is related to the rate at which 
In the 
7 dogs in which net hepatic uptake of glucose was 


arterial glucose concentration increased. 


observed, mean arterial glucose concentration in- 
creased 33 mg per 100 ml by 30 minutes and 65.5 
by 90 minutes after starting glucose. By con- 
trast, in the 4 dogs that did not attain positive 
hepatic glucose balance, arterial glucose concen- 
only 10 mg per 100 ml at 30 
In general, the 


tration increased 
minutes and 32.2 at 90 minutes. 


more rapid rise in arterial glucose concentration in 


1 We are indebted to Dr. W. R. Kirtley of the Eli 
Lilly Co. for the generous supply of glucagon-free insulin. 
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MINUTES 


COMPARISON OF CHANGES IN HEPATIC 


Fic. 1. 


ARTERIAL 


MEAN 


AND GLUCOSE CONCENTRATIONS, AND HEPATIC 


GLUCOSE BALANCE IN DOGS DEMONSTRATING A NET HEPATIC 
INFUSION ALONE 
Solid 


symbols used for data in dogs receiving only glucose; 


UPTAKE OF GLUCOSE DURING GLUCOSE 


AND DURING INSULIN AND GLUCOSE INFUSIONS, 


open symbols for dogs receiving insulin and glucose in- 
fusions. For blood glucose data, triangles refer to glu- 
cose concentration in hepatic venous blood, circles to glu- 


cose concentration in arterial blood. 


the “uptake” dogs was attributable to the infusion 
of larger glucose loads (Table I) and, more spe- 
cifically, to the greater extent to which the infused 
loads exceeded the control hepatic glucose output. 
In considering the entire group of 11 animals, the 
quantity of glucose infused per minute was 3.5 to 
5.8 times greater than the control hepatic glucose 
output during the 90 minutes of infusion in the 
“uptake” dogs, whereas it was only 0.9 to 2.4 
times greater than control hepatic glucose output 
in the “non-uptake” dogs. 

The 


which net uptake of glucose by the liver was first 


mean arterial glucose concentration at 
observed was 115.6 mg per 100 ml (Table III), 
a value 36.3 mg higher than the mean control. A 
rising arterial glucose concentration was not pre- 
requisite for a positive hepatic glucose balance, 
since net uptake not only continued when ar- 
terial glucose concentration had reached a plateau, 
but also when arterial glucose concentration was 
falling (Table I, Dogs 522, 525, 610). 
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COMBES, ADAMS, STRICKLAND AND MADISON 


FABLE Tl 


CHaNgeS in he palic QLUucost balance front control during ad gLUCOSC LHJUSLON 


Decrease in hepatic glucose output from control 


ter start of glucose infusion 


Minutes a 


40 50 60 70 90 100 
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Mean 23.1 
p <0.001 
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$1.3 
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33.6 
62.9 
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85.6 
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108.2 
98.6 
62. 61.5 
59.0 61.6 
12.5 14,3 
<0.001 
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<0.001 


* Value for hepatic glucose balance added to control hepatic glucose output where a net uptake of glucose by the liver 


was observed. 


When the glucose infusion was stopped, hepatic 
glucose output was usually resumed as the arterial 
glucose concentration approached or reached con- 
trol levels (Table I), but in none of the 6 dogs 
in which hepatic glucose balance was measured 
during a 30-minute recovery period did hepatic 
This was 


particularly striking in 4 animals (Dogs 326, 327, 


glucose output return to control values. 


525, 610) in which hepatic glucose output aver- 
aged only 7.8 mg per minute at a time when mean 
arterial glucose levels had fallen te 57.3 mg per 
100 ml, a value 24.6 mg below their control levels. 
Indeed, in Dogs 326 and 327, net hepatic glucose 
uptake was still apparent when the arterial glu- 


cose level was lower than control. 


rABLE 


Comparison of the arterial glucose concentration, at which net hepatic uptake of 
observed, with control arterial glucose concentration 


first 


Glucose infusion 


B. Insulin and glucose infusions. Hepatic glu- 
cose output decreased below control values in all 
11 dogs during the period of glucose and insulin 
infusion. Net hepatic uptake of glucose was ob- 
served in 6 of the dogs. Failure of glucose infu 


sions to raise the arterial sugar concentration to 


preinsulin control values probably accounted for 


the failure of the other 5 dogs to attain a hepatic 
uptake of glucose. In these dogs insulin infusion 
lowered mean arterial glucose concentration from 
a control value of 83.4 to 59.6 mg per 100 ml. 
When glucose was added to the insulin infusion, 
the arterial glucose level increased to an average 
The de- 


peak value of only 76.5 mg per 100 ml. 
tailed data from the 6 animals in which hepatic 


Ill 


gluc ose was 


Insulin and glucose infusic 


‘ 


Arterial glucose concentration, mg 


Mean 


control 


Dog 
no 


84.9 
42. 
82. 
74. 
88. 
83. 


—-nouwnu 


Last value 
with insulin 


alone 


80.0 
26.0 
67.1 
54.0 
65.3 
58.0 


Net hepatic 
uptake first 
observed 


126.3 
92.0 
69.7 
95.8 
91.4 
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HEPATIC UPTAKE OF 


glucose uptake occurred are contained in Table 
After insulin (0.038 U_ per 
minute) had been infused for 40 to 60 minutes, 


IV and Figure 1. 


mean control arterial glucose concentration fell 
from 76.1 to 58.4 mg per 100 ml. As in previous 
studies reported from this laboratory (1), this 
decline in arterial glucose concentration was as- 
sociated with a 52 per cent decrease in mean he- 
patic glucose output—from 45.1 to 21.6 mg per 
minute. With the addition of the glucose infu- 
sion, a further prompt fall in hepatic glucose out- 
put, followed by a net hepatic uptake of glucose, 
was observed. The magnitude of the hepatic up- 
take of glucose was similar in the dogs that re- 
ceived only glucose and in those to which both 
insulin and glucose were administered (Figure 1). 
The major difference between these two groups 
in which a positive glucose balance across the 
liver was observed was the mean concentration of 
arterial glucose at which net hepatic glucose up- 
take first occurred. When glucose alone was in- 
fused, net hepatic uptake was noted at a mean 
arterial glucose concentration of 115.6 mg per 100 
ml (Table IIT) ; pretreatment with insulin lowered 
this value to 92.9. Indeed, in Dog 119, net he- 
patic uptake of glucose occurred at an arterial 
glucose level of 69.7 mg per 100 ml, a value 12.8 
mg lower than control. 

The changes in hepatic glucose metabolism ob- 
served in the present experiments were attributed 
solely to alterations in the arterial-hepatic venous 
glucose concentration differences, since hepatic 
blood flow did not change significantly during the 
course of these studies. The development of a 
positive arterial-hepatic venous glucose concen- 
tration difference, at a time when the arterial 
glucose concentration was rising, cannot be at- 
tributed to sampling errors, since positive glucose 
balance across the liver also occurred at a time 
when the arterial glucose concentration had reached 
a plateau or was falling. If any error in sampling 
existed, it was in the direction of underestimating 
the fall in hepatic glucose output. Since in these 
studies glucose was infused into a vein in the hind 
limb, the concentration of glucose in inferior vena 
caval blood would be higher than in blood enter- 
ing or leaving the liver. Should hepatic venous 
blood be contaminated by regurgitation from the 
inferior vena cava, a falsely high value for hepatic 
venous glucose concentration would result. 


GLUCOSE 


DURING GLUCOSE INFUSION 
2. Disposition of the infused glucose load 


The extent to which the liver and the periph- 
eral tissues contribute to the disposition of the 
glucose load can be approximated from the data. 
The amount of infused glucose remaining in the 
glucose pool was estimated by multiplying the 
change in arterial glucose concentration after glu- 
cose infusion by the glucose space. For these 
calculations it was assumed that the glucose space 
was 30 per cent of the body weight in the dog 


(1, 18, 19). That portion of the glucose load 


which disappeared from the g 


> 
y 


lucose pool, as a 
result of a change in hepatic glucose metabolism 
during the glucose infusion, was determined as the 
amount by which hepatic glucose output decreased 
from control values. The infused glucose not ac- 
counted for either by a decrease in hepatic glu 
cose output or by an increase in the glucose pool 
was assumed to represent the increase in glucose 
utilization by the peripheral tissues. Since the fil- 
tered load of glucose expected at the blood sugar 
concentrations obtained in these studies was less 
than the glucose Tm usually observed in dogs 
(20, 21), significant renal excretion of glucose 
seems unlikely. Therefore, no correction was 
made for possible urinary loss of glucose. 

These calculated data are contained in Table V. 
A mean of 13,810 mg of glucose was added to the 
glucose pool during a 90-minute period of glucose 
infusion. Approximately one quarter (3,290 mg ) 
remained in the glucose pool at the end of 90 
minutes. Of the 10,520 mg which disappeared 
from the glucose pool, 48 per cent could be at- 
tributed to an altered hepatic glucose output and 
52 per cent to an increase in peripheral glucose 
utilization. The proportion of glucose accounted 
for by the liver and peripheral tissues varied con- 
siderably in different studies. In Dog 35, 80 per 
cent of the utilized glucose was disposed of by the 
liver and 20 per cent by peripheral tissues, whereas 
in Dogs 319 and 610, the liver accounted for only 
25 per cent and peripheral tissues for 75 per cent 
of the glucose utilized. The extent to which the 
liver and the peripheral tissues utilized glucose 
was related to the load of glucose infused and, 
more specifically, to the ratio of glucose infused 
per minute to control hepatic glucose output. 
When the ratio of glucose load to initial hepatic 


glucose output was low, a change in hepatic glu- 
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TABLE V 


Disposition of infused glucose 


Increase ir 


glucose pool 


Glue infused 
in 90 minutes 


Ose 


Glu 


10 ke meg 10 ke 

785 
1,460 
1,405 

430 
1,200 
1,720 
3,240 
1,090 
2,570 
1,170 
3,800 


1,315 
3,790 
2,685 

745 
2,275 
4,460 
4,010 
2,730 7 
4,625 7,830 
2,335 9,405 
6,940 7,800 


1,895 
2,010 
2,785 
4,800 
5,640 
5,230 
4,010 
470 


2,680 
3,470 
4.190 
5,230 
6,840 
6,950 


4,500 
9,000 
8,000 
9,000 
13,000 
18,000 
9,000 
21,150 
18,000 
21,150 
21,150 


7,250 
8,560 
10,400 
10,575 
11,600 


6,710 


13,810 1,595 3,290 5,115 


1 peripheral utilization of glucose above cx 


cose output was of major importance in the dis- 


position of a glucose load. With increasing glu- 
cose loads, the peripheral tissues played a propor- 


tionately greater role. 
DISCUSSION 


It is apparent that the liver responds promptly 
Within 10 


minutes after beginning an intravenous infusion 


and significantly to a glucose load. 


of glucose in 11 dogs, mean hepatic glucose output 
fell 46 per cent. 


this change are apparently sensitive to very small 


The mechanisms responsible for 


increments of blood sugar, since this 46 per cent 
decrease in hepatic glucose output was associated 
with a rise in mean arterial glucose concentration 
of only 9.4 mg per 100 ml. As glucose infusion 
continued, a progressive decrease in hepatic glu- 
cose output ensued in all the dogs studied, and in 
7 dogs a positive glucose balance across the liver, 
or net hepatic uptake, was observed. 

Theoretically, changes in hepatic glucose bal- 
ance during the administration of a glucose load 
may be the consequence of one of the following: 
first, hyperglycemia per se, in the absence of in- 
sulin; second, hyperglycemia in the presence of a 
fixed amount of insulin; finally, increased secre- 
tion of endogenous insulin secondary to arterial 
hyperglycemia. 

The first of these possibilities is best assessed 
in the insulin-deficient diabetic. In both the dia- 
betic human (22-24) and diabetic dog (25, 26), 
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hepatic glucose output was normal or increased 
despite the presence of arterial hyperglycemia. A 
decreased hepatic glucose output or net hepatic 
uptake of glucose was not observed. By contrast, 
with comparable arterial glucose concentrations, 
a marked decrease in hepatic glucose output and 
significant hepatic uptake of glucose are regularly 
observed in normal dogs. Furthermore, the re- 
sponse of the liver to a glucose load was impaired 
in dogs made diabetic by partial pancreatectomy 
(26). Thus, the 


arterial glucose concentration at which the liver 


and administration of alloxan 


stopped putting out glucose and started taking it 
up was elevated; the more severe the diabetes, the 
higher the blood glucose level required for hepatic 
glucose uptake; finally, elevation of blood glucose 
to as high as 500 mg per 100 ml did not result in 
hepatic uptake of glucose in some dogs. These 
observations indicate that hyperglycemia per se, 
in the absence of insulin, cannot explain the al- 
terations in hepatic glucose balance observed in 
the present study. 

The possibility that hyperglycemia in the pres- 
ence of a fixed amount of insulin is responsible 
for the changes in hepatic glucose balance was 
not assessed in the present studies, since en- 
dogenous insulin secretion probably increased dur 
ing glucose loading (3, 4). Nevertheless, this 
possibility was suggested by the studies of Soskin, 
Allweiss and Cohn (27), based on glucose toler- 


ance tests in dogs. In the studies of Soskin and 
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colleagues, a constant blood sugar was maintained 
in depancreatized dogs by the constant infusion 
of both insulin and glucose for at least 1 to 2 
hours. When these infusions were continued, the 
subsequent injection of an additional glucose load 
resulted in ‘normal’? glucose tolerance tests in 
most of these animals. Since further secretion of 
endogenous insulin was impossible, an increase in 
insulin secretion was not considered necessary 
for the normal disposition of a glucose load. 
When the pancreas was left intact but the liver 
removed, glucose loading did not result in nor- 
mal glucose tolerance, findings which supported 
their conclusions. Although Soskin’s experiments 
reveal that normal glucose utilization is dependent 
upon insulin, they do not prove that it is depend- 
ent upon the presence of a fixed amount of in- 
sulin. Despite the administration of insulin by 
constant infusion, it is possible that the rate 
of of 


Therefore, insulin may have been accumulating. 


infusion exceeded the rate degradation. 
Since plasma insulin concentrations were not 
measured, progressively increasing insulin levels 
were not excluded. Furthermore, failure to at- 
tain normal glucose tolerance in hepatectomized 
animals with an intact pancreas does not exclude 
increased insulin secretion as an important factor 
Soskin’s 


own observations, and those of the present study, 


in obtaining normal glucose tolerance. 


indicate that the liver accounts for a significant 
portion of a glucose load. It seems reasonable 
that removal of this quantitatively important in- 
sulin-responsive organ, even in the presence of 
increased amounts of insulin, accounted for the 
impaired glucose tolerance observed by Soskin 
As 


Park and associates have shown (28), the rate of 


and co-workers in their hepatectomized dogs. 


glucose transport from extracellular fluid into 
muscle cells is dependent upon extracellular glu- 
cose concentration. In the presence of insulin, the 
rate of glucose transport is increased for any given 
glucose concentration. It is likely that a signifi 
cant number of glucose transport sites had been 


affected by insulin during the prolonged insulin 


infusion in Soskin and co-workers’ studies (27). 
Under this circumstance, normal glucose disap- 
pearance after glucose loading would be expected. 

There appears to be considerable evidence to 
support the view that increased secretion of en- 
dogenous insulin, secondary to arterial hypergly- 
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cemia, accounts for a decrease in hepatic glucose 
output and subsequent net hepatic uptake of glu- 
cose. It has been demonstrated that insulin is re- 
leased promptly into pancreatic venous blood af- 
ter administration of glucose (3, 4+). The slow 
intravenous infusion of insulin produces a prompt 
fall in hepatic glucose output, even within 10 
minutes (1). In the present studies insulin ad- 
ministration prior to glucose loading resulted in 
a lowering of the arterial glucose concentration at 
which net hepatic uptake of glucose was observed. 
The impaired response of the liver to glucose in- 
fusion in diabetic dogs is rapidly improved toward 
26). In the 
presence of increased insulin secretion, the level 


normal by insulin administration 


of blood sugar probably also determines the ex- 
tent to which the liver and peripheral tissues dis- 
pose of a glucose load. Nevertheless, significant 
insulin effects on the liver, independent of blood 
glucose levels, were observed in the present stud- 
ies. Thus, in Dogs 522, 525 and 610, net hepatic 
uptake of glucose was as great or greater at a time 
when the blood glucose concentration was falling, 
and the arterial glucose level was lower than it 
was earlier in the study when arterial blood sugar 
was rising. Indeed, in Dog 119, pretreated with 
insulin, a positive glucose balance across the liver 
was observed at arterial glucose concentrations 
even lower than control. Finally, the persistence 
of a decreased hepatic glucose output, despite a 
fall in arterial glucose concentration to values 
lower than control during the recovery period 


in four of the dogs in these studies (326, 327, 


Dee, 
610), suggests a continuing hepatic action of en- 
dogenous insulin, previously secreted during the 
period of hyperglycemia. 

A number of previous investigations has been 
concerned with the effects of glucose loading on 
hepatic glucose metabolism. The changes in he- 
patic glucose balance observed during glucose in 
fusion in our studies in the dog closely resemble 
the findings of Soskin, Essex, Herrick and Mann 
(5). Their observations, like our own, are based 
upon direct measurements of hepatic blood flow 
and the concentration differences of glucose in 
Most of 
their data were obtained in acutely operated dogs 


blood entering and leaving the liver. 


given a single rapid intravenous injection of glu- 
cose. In only two of their studies was glucose ad- 


ministered by constant intravenous infusion. 
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Studies in which glucose concentration in ar 
terial, portal and hepatic venous blood was de 


termined, without concomitant measurements of 


hepatic blood flow, also provide evidence for, but 
no quantitation of, a decrease in hepatic glucose 
output and net hepatic glucose uptake during glu- 


feeding (6) and infusion (7 Sondy, 


cose 


FE 
James and Farrar (29), and Myers (23), utilizing 


hepatic vein catheterization in man, found evi- 
dence of glucose retention in the splanchnic vis- 
cera after the intravenous administration of glu- 
cose. In such studies, however, as Bondy has 
pointed out, it is impossible to differentiate changes 
in hepatic glucose metabolism from over-all 
splanchnic metabolism. 

Whereas the above results are in keeping with 
the findings of the present experiments, studies 
based on two different isotope dilution techniques 
are either inconclusive or fail to detect a hepatic 
response. In the single injection method used by 
both Chaikoff (8) 


Friedmann, Maass and Weinhouse (9), changes 


Searle and and Reichard, 
in the specific activity of plasma glucose were fol- 
lowed after administration of a tracer dose of glu- 


cose-C'*, The exponential decline in specific ac- 
tivity during the control period was superseded 
by a “plateau” after the administration of an un- 
labeled glucose load. This change in plasma glu- 
cose specific activity was attributed to a cessation 
of hepatic glucose output (8,9). Berson, Weisen- 
feld and Pascullo conducted similar experiments 
in rabbits (10) and have challenged the validity 
of this interpretation. On theoretical grounds, 
these authors concluded that “a short period in 
which the specific activity in the blood remains 
constant following unlabeled glucose injection is 
an obligatory consequence of the kinetics of glu- 
cose mixing and distribution even if there is no 
The 


of Steele, Bishop and Levine (11) also show that 


inhibition of glucose production.” studies 
the kinetics of mixing of injected glucose may re- 
sult in a plateauing of glucose specific activity 
under circumstances in which a decrease in hepatic 
glucose output could not have occurred. In their 
studies in eviscerated animals, hepatic glucose 
output was replaced by a constant infusion of un- 
labeled glucose. Plateauing of the specific activity 
of plasma glucose was observed in these animals 
after administration of a glucose load, even though 
the constant infusion of glucose was maintained. 
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To overcome these objections to the single in 
jection technique, the priming dose-constant in 
fusion method of administering glucose-C' has 
Steele and 


,0do and associates in 


been utilized by Marks in two ex- 
periments (12) and by de 
two experiments (13). No evidence of a de- 
crease in hepatic glucose output after glucose 
loading was noted in their studies. As was 
pointed out in a previous publication (1), a ma- 
jor drawback to the isotope dilution studies is 
that they can measure only new glucose production 
by the liver. Such techniques cannot measure 
hepatic glucose utilization or differentiate it from 
peripheral glucose utilization. The failure of the 
priming dose-constant infusion studies to detect 
an alteration in hepatic glucose output after glu- 
cose loads, therefore, cannot be considered as 
unequivocal evidence that such an effect does not 
occur. 

The data accumulated in this and previous stud- 
ies (1) indicate the presence of a sensitive, in- 
tegrated system geared to the metabolism of in- 
gested carbohydrate by the liver. The organi- 
zation of this system appears to be well suited 
structurally by virtue of the anatomical relation- 
ships of the gastrointestinal tract, pancreas, and 
liver to the portal vein. Thus, glucose absorbed 
from the intestine passes into portal venous blood 
with insulin released from the 


where it mixes 


pancreas. Glucose and insulin, in concentrations 
higher than those possible for any other organ, are 
then carried directly to the liver, a situation which 
appears to be ideal for the hepatic metabolism of 
glucose. In the present studies, conducted in 
dogs with end-to-side portacaval shunts, not only 
did the insulin secreted in response to the glu- 
cose load bypass the liver initially, but the same 
was true of the glucose that was infused into a 
peripheral vein. Under these circumstances, the 
liver was exposed to relatively lower concentra- 
tions of both insulin and glucose than would have 
occurred after the oral ingestion of a carbohydrate 
load in intact animals. Nevertheless, the total 
quantity of glucose accounted for by an alteration 
in hepatic glucose metabolism was appreciable. 
Indeed, of the glucose which disappeared froin 
the glucose pool, almost as much was accounted 
for by a change in hepatic glucose metabolism as 
by an increase in peripheral glucose utilization. 
Normally, when the liver alone is exposed to the 
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high concentrations of glucose and insulin present 
in portal blood after feeding, it would seem reas- 
onable to expect the liver to account for an even 
greater proportion of a glucose load. 

These remarks should not be construed to mini- 
mize the importance of the peripheral tissues in 
Previous 


the disposition of a carbohydrate load. 


studies from this laboratory have indicated that 
the proportion of the secreted insulin which is 
bound to the liver during the initial transhepatic 
circulation continually decreases when the intact 
The 


peripheral tissues are thereby supplied with a pro- 


subject receives carbohydrates (30, 31). 


gressively increasing proportion of the secreted 
insulin. Indeed, in the present studies with pro- 
longation of the glucose infusion and with larger 
carbohydrate loads, the peripheral tissues played 
a proportionately greater role in the disposition of 
this infused carbohydrate. It should be empha- 
sized that both the liver and the peripheral tissues 
play important roles in carbohydrate utilization. 
Furthermore, these roles are directly affected by 
endogenous insulin, which under physiologic con- 
ditions is secreted in response to hyperglycemia. 


SUMMARY AND CONCLUSIONS 


The effect of glucose infusions upon hepatic glu- 
cose balance was appraised in dogs with porta- 
caval shunts. This preparation was chosen since 
it permits determination of changes in hepatic 
rather than in splanchnic glucose metabolism. 

The data indicate that the liver responds to a 
glucose load first by a decrease in net glucose out 
put, and then by an actual uptake or storage of 
glucose. These changes occur quickly and are ap- 
parently mediated by endogenous insulin which 
is secreted in response to a rising blood sugar. 
(uantitatively, these hepatic effects are significant, 
the liver accounting for almost as much of the 


infused glucose load as peripheral tissues. 
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THE METABOLISM OF CITRATE-C*% IN NORMAL AND IN 
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A cyclical exchange of citrate has been shown 
to exist in the intact organism, with the blood 
plasma serving as the transporting medium. Jn 
vivo studies have indicated a considerable uptake 
of citrate by the liver (1) and kidney (2), and a 
release of citrate into the blood by the peripheral 
tissues (1, 3) and intestine (4, 5). Interest in 
the blood citrate flux has centered primarily 
around the importance of this intermediate in 
carbohydrate metabolism, in its relationship to 
calcium mobilization and deposition in bone (6), 
and in its role as a chelating agent for calcium in 
the urine (7, 8). 

The studies reported here have been concerned 
with an attempt to elucidate the metabolic fate of 
the blood citrate in rats with the aid of radioactive 
citrate. The data, obtained by following the pat- 
tern of respiratory C'*O, and the urinary excretion 
of radioactive carbon after the intravenous ad- 
ministration of sodium citrate-1,5-C'™, indicated 
a rapid turnover of the blood citrate. Three 
hours after injection of the labeled citrate, ap- 
proximately 90 per cent of the radioactivity was 
recovered in the respiratory CO, and in the uri- 
nary citrate. [Evidence for the utilization of blood 
citrate as a precursor of tissue components was 
provided by assaying the C'* content of protein and 
lipid of kidneys and liver after intravenous ci- 
trate-C’* administration. 

In an effort to define further the metabolic fate 
of the blood citrate, inhibitors of citrate oxidation 
were administered prior to citrate-C'* adminis- 
tration. Peters (9) has shown that fluoroacetate 
inhibits the enzyme, aconitase, by virtue of its 
conversion to fluorocitrate. As a consequence of 
aconitase inhibition, the metabolism of citrate to 
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isocitrate in the Krebs tricarboxylic acid cycle is 


blocked. In our experiments both fluoroacetate 


and fluorocitrate influenced the fate of the ad- 


ministered citrate-C'*. In the intact animal the 
effects of each of the inhibitors were strikingly 
different: fluroacetate resulted in a decreased, 
and fluorocitrate resulted in an increased urinary 
excretion of citrate-C'*. Tissue slice experiments 


confirmed this difference in the action of the 


inhibitors. In contrast to the postulate of Peters, 
the in vitro data are consistent with the view that 
fluoroacetate is also an inhibitor of the condensing 
enzyme, 


MATERIALS AND METIIODS 


Fed, female Sprague-Dawley rats, weighing between 
185 and 235 g, Citric acid-1,5-C™ was ob- 
tained acetate-1-C“ 


fluoroacetate 1 


were used. 


from Tracerlab, Inc., and sodium 


Volk 
was purchased 


from Radiochemical Co. Sodium 


from Bios Laboratories, Inc. 
fluorocitrate, synthesized by the method of Rivett (10), 
was obtained from the Sonbert Chemical Co., Brooklyn, 


NWN: Yu 


barium 


this preparation contained less than 1 per cent 


citrate by specific analysis. Before use, the 
barium salt was dissolved in dilute HCl, the barium was 
precipitated with saturated sodium sulfate and the su- 


NaOH. 


fluoroinhibitors were freshly prepared 


pernatant fluid was neutralized with dilute 
Solutions of the 
prior to use. 

In the in vivo experiments, sodium citrate-1,5-C” in iso- 
tonic saline was given intravenously in a volume of 0.3 
ml. Collection of respiratory CO, was accomplished by 
drawing CO.-free air through a glass metabolism jar 
containing the rat, and the respiratory CO, was trapped 
in NaOH. 


from aliquots of the NaOH solutions. 


3arium carbonate precipitates were prepared 
After the BaCO 
was washed with water and then alcohol, it was plated 
and counted in a Nuclear-Chicago gas-flow counter with 
a Micromil window. Urine collections were made up to 


standard volume, and aliquots were taken for direct 
plating and for conversion of the carboxyl groups of the 


urinary citrate to CO, with ceric sulfate (11); the CO, 

1 Elementary analysis: C,H,0,F Na (100.0); calcu- 
lated, C 24.0, H 2.0, F 19.0; found, C 24.3, H 2.1, F 18.2; 
performed by the Lab., 


Woodside, N. Y. 
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was collected in NaOH and subsequently converted to 
BaCO, for radioactive assay as stated above. Because of 
the lack of absolute specificity of the ceric sulfate method 
for measurement of citrate in the presence of other in- 
used to verify the 
Interfering in- 


termediates, another method was 


specific activity of the urinary citrate 
organic salts of urine were removed by passage through 


(12). 


to dryness, made up to 


a Dowex-2 column The column eluate was taken 


volume with water and an ali- 
quot subjected to ascending chromatography on What- 
man no. 4 paper in a n-butanol: acetic acid: water sys- 
(120: 30: 50). 
yf an indicator spray (13), the spot was eluted and ali- 
taken for citrate and for 
the carboxyl BaCO, as de- 
The results of this technique for measur- 


tem The citric acid was located by means 


quots were determination of 


conversion of groups to 
scribed above. 
ing the specific activity of the citrate were in good agree- 
ment with those obtained by direct treatment of urine 
with ceric sulfate. 

the radioactive 
citrate, the rats were sacrificed by cervical fracture, and 


Por- 


Three hours after administration of 
the kidneys and liver were removed and weighed. 


each of the organs were taken for isolation of 


tions of 
lipid (14) and protein (15). The lipid was plated on 
planchets containing a circle of lens paper, and the pro- 
tein was counted as a powder. All radioactive samples 
were corrected for self-absorption and the values con- 
verted to infinite thickness. 

In the in vivo fluoroinhibitor experiments, fluoroace- 
tate or fluorocitrate was injected intraperitoneally, in a 
volume not exceeding 0.4 ml, 30 minutes prior to citrate- 
C™ administration. The respiratory CO, and urine were 
After 


the rats were sacrificed, weighed portions of kidney, liver, 


collected, plated and counted as described above. 


heart, and spleen were homogenized in ice-cold 5 per 
cent trichloroacetic acid. After centrifugation the citrate 
concentration of the supernatant fluid was estimated by 
the Eliott the Natelson, 


lugovoy method (16). 


modification of Pincus and 


slices, prepared 


with a Stadie-Riggs microtome, were carried out in 25-ml 


In zwitro studies of liver and kidney 


Erlenmeyer flasks with a sealed-in center well containing 
filter paper saturated with 0.2 ml of 5 per cent NaOH. 
Slices of liver (approximately 400 mg per vessel) and 
kidney (approximately 150 mg per vessel) were incubated 
in 3 ml of Krebs-Ringer phosphate buffer containing 200 
mg per 100 ml glucose, pH 7.4. After a 15-minute equili- 
bration period at 37°C in a Dubnoff metabolic shaker un- 
der 100 per cent O., a trace dose of citrate-1,5-C™ or acetate- 
1-C™ added to the flasks. flasks 
then incubated for 60 minutes and the C*%O 


was The closed were 
produced 

Fluoro- 
acetate 10* M 
and fluorocitrate in a concentration of 5X 10* M. At the 
end of the incubation period, the center well NaOH was 
collected, carrier NaHCO, was added, and the samples 
saCQO., for 


was homogenized in 


was trapped in the NaOH of the center well. 


was present in a concentration of 2.5 


were converted to plating and counting 


The tissue the incubating medium 
and flask washings, and the protein was precipitated with 


an equal volume of 10 per cent trichloroacetic acid 
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Fractionation of liver and kidney tissues to determine 
the intracellular 
by a modification of the method of Schneider (17). A 


distribution of citrate was carried out 


10 per cent (wt/vol) homogenate of the tissue was pre- 
motor-driven Teflon 
A portion 


pared in 0.25 M sucrose with a 
pestle or with a Dounce homogenizer at 0°C. 
of the whole homogenate was stored at 0° until the end 


of the separation procedure. Further fractionation of 
the whole homogenate was accomplished by centrifuging 
at 700 G for 10 minutes at 5°C. The supernatant solu- 
tion was removed and the sediment was resuspended in 
0.25 M sucrose, homogenized, and centrifuged at 700 G 
This 


from 


supernatant combined with 
the the 


was resuspended in water and homogenized; 


for 10 minutes. was 
the 


sediment 


supernatant first centrifugation and 


this nuclear fraction was stored at 0° until the end of 
the fractionation procedure. The combined supernatants 
were then spun at 5° for 10 minutes at 5,000 G to sedi- 


ment the mitochondria. The supernatant and the fluffy 
layer containing microsomes and soluble cytoplasm were 
removed, and this fraction is referred to as the extra- , 
mitochondrial fraction. The sediment, representing the 
mitochondrial fraction, was resuspended and homogenized 
water. 


in distilled Appropriate aliquots of each of the 


fractions were added to equal volumes of 10 cent 
the 


determinations in the 


per 


acid and protein removed by 
Citrate 


of sucrose were carried out by a modification of the 


trichloroacetic was 


centrifugation. presence 


pentabromacetone procedure (18). 


RESULTS 


The fate of intravenously administered citrate- 
C' in the intact rat. 
version of 4 pg of citrate-C'* (1.1 x 10° cpm) 
and 125 yg of citrate-C’* (5.6 x 10° cpm) to re- 


Initially, the rates of con- 


spiratory CO, and urinary citrate were compared 
in order to determine whether the larger quantity 
of citrate could be administered without signifi 
cantly altering the physiological state (Table 1). 
The rate of conversion of the radioactive carbon of 
citrate-C'* to respiratory CO, and the percentage 
of the administered label in the urinary citrate 
were independent of the amount of citrate-C'* ad- 


TABLE I 


The percentage of counts after 3 hours in the respiratory COz 
and urinary citrate as a function of the quantity of 
citrate-C' injected * 


Citrate injected Respiratory CO2 Urinary citrate 


ME 


| 
125 


Che number of rats in each series is indicated in brack- 
‘ts: the values are the mean + standard error 
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Fic. 1. THE Fig 
AND PROTEIN OF THE RAT KIDNEY AND LIVER 3 HOURS AFTER 
CITRATE-C™, The are the 
means of 4 rats + standard error. 


INCORPORATION OF INTO TOTAL LIPID 


ADMINISTRATION OF values 


ministered (a ¢ test of differences for each of the 
parameters revealed p > 0.05). Eighty to 90 per 
cent of the administered radioactivity was recov- 
ered in the 3-hour period. Since these results 
indicated that 125 wg of citrate could be adminis- 
tered intravenously without gross distortion of 
the metabolic fate of the blood citrate, this quantity 
was used in all subsequent in vivo experiments. 
After 3 hours, approximately 1 per cent of the 
radioactive carbon of citrate-C'* was incorporated 
into the protein and lipid moieties of kidney and 
liver. The incorporation of the C'* into the pro- 
tein of these organs was far greater than that in- 
corporated into the lipid (Figure 1). The C" 
content of kidney protein was not significantly 
different from that of liver protein (p > 0.05), 
but the C'* content of kidney lipid was less than 
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THE INCORPORATION OI INTO LIPID AND 


OF LIVER AND KIDNEY AFTER AD- 


“14 


HOURS 


OF CITRATE-( EX PRESSED 


The 


AS COUNTS PER 


MINUTE PER GRAM TISSUE. values are the means 


of 4 rats + standard error. 


The 


that incorporation of the 


that of liver lipid (p < 0.025). data also 


indicate (Figure 2) 
radioactive carbon of citrate-C'* into kidney tis- 
sue components was far greater than that incor- 
porated into liver tissue components when ex- 
pressed on a gram-weight basis (p< 0.001 for 
lipid, p < 0.001 for protein ). 

Effect of fluoroacetate and fluorocitrate in the 
intact rat. In the intact animal, fluorocitrate dif- 
fered from fluoroacetate with respect to its effect 
on the metabolism of citrate. The effectiveness of 
these substances as inhibitors of metabolism in 
vivo is reflected in the accumulation of tissue ci- 


(Table If )-; 
toneal administration of 


trate 3.5 hours after the intraperi- 


fluoroacetate at a level 


II 


Tissue citrate * 


Fluoroinhibitor None [4] 


Heart 
Kidney 
Spleen 
Liver 


Fluoroacetate [41] 
(2.5 mg/kg) 


Fluorocitrate [3] 


Fluorocitrate [3] 
(20 mg/kg) E 


40 me/ke) 


8 


* Accumulation of citrate (in ug/g wet weight tissue) in female rat tissues 3.5 hours after the intraperitoneal adminis- 


tration of fluoroinhibitor. 
in brackets. 


The values are the mean + standard error. 


The number of animals in each group is indicated 
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©-Fluoroacetate (2.5 mg/kg), (5) 
x-Fluorocitrate (20 mg/kg), (3) 
(40 mg/kg), (4) 


4 Fluorocitrate 


CUMULATIVE C'40 AS A PER CENT OF C'4 ADMINISTERED 
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Fic. 3. THE CONVERSION OF INTRAVENOUSLY  AD- 
MINISTERED CITRATE-1,5-C** to C™“O, IN NORMAL RATS 
The 


min- 


AND IN RATS PRETREATED WITH FLUOROINHIBITORS. 
fluoroinhibitors were injected intraperitoneally 30 
utes prior to citrate-C’* administration. The values are 


the means for the number of animals (indicated in 


parentheses ). 
of 2.5 mg per kg (25 pmoles per kg) or fluoro- 
citrate at a level of 20 and 40 mg per kg (50 and 
100 pmoles per kg), the concentration of citrate 
in the tissues was increased over the control, in 
agreement with the data of Gal, Peters and Wake- 
lin (19). 


crease in heart, kidney and spleen citrate and a 


There was approximately a 30-fold in- 


15-fold increase in liver citrate in the fluoroace- 
tate-treated the 
De- 
spite the markedly greater inhibition of citrate 


animals; fluorocitrate increased 


tissue citrate concentration three- to sixfold. 


tissue citrate 
the 


metabolism by fluoroacetate when 


concentrations were used as a guide, con- 
version of intravenously administered C'*-labeled 
citrate to respiratory C'*O, was greater (p< 
0.01) in the fluoroacetate-treated than in the con- 
the hand, 


fluorocitrate administration resulted in a depres- 


trol animals (Figure 3). On other 
sion (p < 0.001 at 20 and 40 mg per kg) of re- 
spiratory C'*O, from labeled citrate. 

The effect of these fluoroinhibitors on endoge- 
nous citrate metabolism and the fate of adminis- 
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tered citrate-C'* was further studied by examin 


ing the urine and blood of these animals (Table 


~ 


IIL). 
of the administered C'* was found in the urine, 


After 3 hours, approximately 35 per cent 


whereas 50 per cent of the radioactivity was found 
in the urine of fluorocitrate-poisoned animals and 
15 per cent in the urine of the fluoroacetate-pois- 
oned animals. Essentially all of the radioactivity 
of the urine after citrate-C'* administration was 
present in the carboxyl groups of the urinary ci- 
trate. Fluoroacetate treatment did not affect the 
quantity of citrate excreted in the urine, but fluoro- 
citrate administration resulted in a four- to five- 
Blood 
citrate levels were increased two to three times 
the 
fluoroacetate or fluorocitrate. 
dicated that the difference in the pattern of respira- 
tory CO, after citrate-C'* administration in the 


fold increase in urinary citrate excretion. 


over normal when animals received either 


These findings in- 


fluoroinhibitor-treated rats was the result of al- 
terations in the renal clearance of the labeled ci- 
trate as well as inhibition of citrate oxidation. 

In vitro activity of fluoroinhibitors on citrate 
and acetate metabolism. In view of the discrep- 
ancy between fluoroacetate and fluorocitrate ac- 
tion on citrate metabolism in the intact animal, 
in vitro studies were carried out with slices of 
rat liver and kidney (Table IV). It has been sug- 
gested by Gal and co-workers (19) that only two 
of the four isomers of chemically synthesized 
fluorocitrate are biologically active; thus the ef- 
the 
inhibitor compounds studied in vitro were the 
same, 2.5 X 10°* M. 
was an accumulation of citrate in the incubation 
the 


fective molar concentrations of two fluoro- 


At this concentration there 


vessels when either of fluoroinhibitors was 


rABLE III 


The blood and urine citrate concentration in 
normal and fluoroinhibitor-treated rats * 


Fluoro Fluoro 
acetate citrate 
2.5 me/kz) (20 mg/ks 


Blood citrate (ug/ml) 91.6+6.3 66.0 +3.6 


Urine citrate (mg/3 hrs) 35.4+1.4 
% Counts injected 

Urine 37.642.0 
34.4242.4 


49.6+3.6 
§3.0+1.4 


Urinary citrate 
* Citrate-1,5-C™ was injected intravenously 30 minutes after the 
intraperitoneal administration of the fluoroinhibitor, and the urine was 
Five rats were used in each series and the 


then collected for 3 hours. 


values re} nt > me + standard error. 
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PABLI 


I\ 


The effect of fluoroacetate and fluorocitrate on in vitro metabolism of liver and kidney * 


itrate-1,5-C!4 


Citrate C402 


produced 
(ug/g wet wt) 


Liver 


Control 26 
Fluoroacetate 122 
Fluorocitrate 438 


Kidney 


Control 16 + 10 459 
Fluoroacetate 567 30 393 
Fluorocitrate 938 50 78 


produced 
(cpm/meg wel v 


Acetate-1-C™ 


Citrate CO, 
produced produced 
(ug/g wet wt) pm/meg wet wl 


139 2 8 
66+ 4 
18+ 0.7 


796 + 25 
569 + 20 
638 + 25 


* The values represent the mean + standard error of 8 observations. 


present ; fluorocitrate was about twice as effective 
as fluoroacetate in this regard for kidney slices 
and about four times as effective with liver slices. 
It should be noted that the conversion of citrate-C™ 
and acetate-C'* to CO, by kidney slices was ap- 
proximately six times greater than with liver 
slices in the absence of inhibitors. Similarly, the 
uptake of unlabeled citrate, present in the incu- 
bation medium at a concentration of 5 mmoles per 
L by kidney slices was about six to seven times that 
(20). 


these 


found with liver slices Differences in 


tissue responsiveness to inhibitors are 
the fact that 


liver 


fluorocitrate had a 
than did 
fluoracetate in regard to the conversion of either 
citrate-C'* or acetate-C™ to C'QO.,. 


pointed up by 


more striking effect on tissue 


In contrast, 


TABLE V 


Distribution of citrate in the subcellular fractions of kidney 
and liver prepared from rats pretreated with 
fluoroinhibitors * 


Fluoroacetate Fluorocitrate 


% tissue peg cit./ % tissue 
cu g tissue cul 
Liver 
Whole homogenate 100 526 100 
Nuclear fraction 14.7 $3.7 10.2 
Mitochondrial fraction 62.0 338 64.3 


Extramitochondrial 
fraction 


Caue. 196 22.7 
Kidney 
Whole homogenate 630 100 597 100 
Nuclear fraction 57 91 49.7 8.3 
? 


Mitochondrial fraction 180 28.6 134 22.5 


Extramitochondrial 
fraction 320 50.8 365 61.1 


* The fluoroacetate (2.5 mg/kg) and fluorocitrate (20 mg/kg) were 
administered intraperitoneally and the animals were sacrificed 2 hours 


later 


the conversion of acetate-C™ to CO, by kidney 


tissue was inhibited to the same extent when either 
Citrate- 
C'™ conversion to C“%O, by kidney was inhibited 


fluoroacetate or fluorocitrate was present. 


to a much greater extent by fluorocitrate than by 
With 


proved to be a more effective inhibitor of acetate 


fluoroacetate. liver slices, fluoroacetate 

metabolism than of citrate metabolism. 
Intracellular distribution of citrate after fluoro- 

Additional 


concerning citrate metabolism was obtained by 


inhibitor administration. information 
studying citrate accumulation in subcellular com- 
ponents of kidney and liver tissue after administra- 
tion of each of the fluoroinhibitors to rats (Table 
V). In control animals, the preponderance of 
tissue citrate was localized in the mitochondrial 
fraction of kidney and liver. After administration 
of fluoroacetate to rats, approximately 60 per cent 
of the liver citrate was found in the mitochondrial 
fraction, in confirmation of the data of Schneider, 
Striebich and Hogeboom (18). In most instances 
the remainder of the tissue citrate could be ac- 
counted for in the nuclear fraction and in the 
fraction not sedimented by centrifuging at 5,000 
G for 10 minutes. Essentially the same distribu- 
tion of citrate in liver tissue was found in the 
fluorocitrate-treated animal. In contrast, about 
one-half to two-thirds of kidney citrate was re- 
covered in the fraction not sedimenting at 5,000 G 
for 10 minutes when either fluoroacetate or fluoro- 
citrate was administered to the animal; the bal- 
ance of the tissue citrate was found in the mito- 
nuclear fractions. Tissue frac- 


chondrial and 


tionation with 0.88 M sucrose, isotonic saline, 7.3 
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per cent polyvinylpyrrolidone-0.25 M sucrose (21) 


resulted in essentially the same distribution of 
tissue citrate after fluoroinhibitor administration 


as did 0.25 M sucrose. 


DISCUSSION 


These investigations revealed that the blood 
citrate is metabolized at a rapid rate, as indicated 
by following the fate of intravenously injected 
radioactive citrate. By 3 hours, 55 per cent of 
the label was found in the respiratory CO,; of the 
total radioactivity administered, 35 per cent was 
recovered in the urinary citrate. Thus, about 85 
per cent of the citrate-C'* that remained in the 
animal was metabolized to C'*O, in 3 hours. This 
rate approaches that seen after administration of 
acetate-1-C'* to fs 


(22). The rapid turnover 
of the blood citrate dictates that there is an equally 


rats 
rapid outflux from the tissues. A similar re- 
spiratory CQ, pattern was obtained by Lussier 


(23) after the intraperitoneal injection of 2 


mg 
radioactive citric acid; only 10 per cent of the ad- 
ministered label was recovered in the urine in 8 
hours, in contrast to the findings reported here. 
Since urinary citrate-C'* excretion is markedly 
depressed when 1.5 mEq of HCl is introduced 
into the stomach prior to injection of citrate-C™ 
(20), it seems likely that the low levels obtained 
in the earlier experiments were due to the ad- 
ministration of the radioactive compound as the 
free acid. 

Evidence for the utilization of the blood citrate 
as a precursor of tissue components is provided by 
the finding that approximately 1 per cent of ad- 
ministered C** as citrate-C'* was incorporated 
into lipid and protein of the kidneys and liver 
(Figure 1). Kidney was much more active in 
this respect than liver when the data are calculated 
as counts per minute incorporated per gram of tis- 
sue (Figure 2). It is likely that an appreciable 
portion of the injected radioactivity that remains 
unaccounted for was taken up by bone and later 
released or metabolized (23). 

Peters (9) has demonstrated that fluoroacetate 
is converted to fluorocitrate by biological systems, 
with consequent inhibition of the enzyme, aconi- 
tase. Other studies (19), however, indicated that 
these two compounds did not result in equivalent 
inhibitory activities when administered to rats. 
It was shown that fluorocitrate, but not fluoro- 
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acetate, resulted in an appreciable accumulation 
of citrate in the livers of male rats, in contrast to 
the findings in female rats (Table II). Further, 
citrate accumulation in the heart was considerably 
greater after fluoroacetate than fluorocitrate ad- 
ministration. The present study of the effect of 
fluoroacetate and fluorocitrate on citrate metabo- 
lism provides additional evidence for the di- 
vergent action of these two inhibitors in vivo and 
in tissue slices. 

Ir, the intact animal, conversion of citrate-C™ to 
respiratory C'*O, was enhanced by pretreatment 
with fluoroacetate despite inhibition of citrate me- 
tabolism, as evidenced by accumulation of citrate 
in the tissues. In animals pretreated with fluoro- 
citrate, conversion of citrate-C'* to respiratory 
CO, was depressed; in this case the amount of 
had the 
was far less than that observed in the fluoroace- 


citrate that accumulated within tissues 


tate-treated rats. These seemingly paradoxical 
findings were partially resolved upon analysis of 
the urinary excretion of the labeled citrate. In 
the one instance, fluoroacetate markedly inhibited 
the urinary excretion of the radioactive carbon, 
while fluorocitrate treatment resulted in an in- 
creased urinary excretion of radioactive carbon. 
Because of this, more radioactive citrate was 
available for oxidation to respiratory C'O, in the 
fluoroacetate-treated rat than in the normal and 
rat. In the 


poisoned rat one might expect that the adminis- 


fluorocitrate-treated fluoroacetate- 


tered radioactive citrate would be diluted to a 
large extent by the increased concentration of ci- 
trate in the tissues, with a consequent decreased 
rate of oxidation of the citrate-C'* to C*O,,. 
Since this was not the case, the existence of more 
than one pool of citrate within the organism is 
suggested. 

Another difference in the action of these fluoro- 
inhibitors was noted; fluorocitrate, unlike fluoro- 
acetate, caused striking increases in total urinary 
citrate excretion. Since the blood citrate levels 
were markedly elevated in both the fluoroacetate- 
and fluorocitrate-treated the data 
that the renal tubular mechanism for handling 


citrate is affected diversely by each of the fluoro- 


rats, indicate 


inhibitors that was tested. 

Further confirmation of the difference in tis- 
sue responsiveness to fluorocitrate and fluoro- 
acetate was obtained from in vitro tissue-slice ex- 
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periments. The data indicate that fluoroacetate 
served as a more effective inhibitor of acetate oxi- 
dation than of citrate oxidation in both liver and 
kidney slices. This observation is in agreement 
with the finding of decreased acetate utilization 
by slices of heart, kidney and liver when fluoro- 
acetate 
(24). 
onstrated that the presence of fluoroacetate at a 
concentration of 0.001 M completely inhibited 


acetate utilization and only slightly inhibited ci- 


was present in the incubation medium 


In other experiments Kalnitsky (25) dem- 


trate utilization by rabbit kidney cortex homoge- 
nates. A possible explanation of these findings 
is provided by the fact that fluoroacetyl coenzyme 
A behaves as a strong competitive inhibitor of the 
26). 

Schneider and co-workers 


condensing enzyme 
(18) demonstrated 
that the accumulation of liver citrate after fluoro- 
acetate administration to the animal could be 
found primarily in the mitochondrial fraction. 
Other experiments have shown that aconitase, 
the enzyme competitively inhibited by fluoroci- 
trate, exists in two forms, each displaying char- 
acteristic pH optima (27, 28). These observa- 
tions prompted an investigation of the effect of 
fluoroacetate and fluorocitrate on the intracellular 
distribution of citrate in liver and kidney tissue. 
The present studies confirmed the localization of 
citrate in 


after fluoroacetate 


poisoning and, in addition, showed that fluoro- 


liver mitochondria 
citrate resulted in essentially the same intracellu- 
lar distribution of citrate. Analysis of kidney tis- 
sue of animals treated with fluoroacetate or fluoro- 
citrate revealed a different distribution of citrate in 
the subcellular fractions from that of liver. Pre 
treatment with fluorocitrate re 
sulted in essentially the same distribution of ci- 
trate within the subcellular fractions of kidney 


fluoroacetate or 


tissue. No evidence is available to provide an 
explanation for the difference between liver and 
kidney tissue in the subcellular localization of ci- 


trate after fluoroinhibitor treatment. 


SUMMARY 


The turnover of the blood citrate is extremely 


rapid as measured by the conversion of intrave 
citrate-C'* to 
Approximately 85 per cent of the radio- 


nously administered 
CHO,. 
active carbon of the labeled citrate that is retained 


Ap- 


respiratory 


in the rat is converted to C'QO, in 3 hours. 


proximately 1 per cent of the administered radio- 
activity was recovered in protein and lipid in the 
kidneys and liver. The incorporation of C' into 
the kidney tissue fractions was greater than that 
into the corresponding liver fractions. 

In vivo and in vitro experiments demonstrated 
a divergent action of fluoroacetate and fluoroci- 
trate as inhibitors of metabolism. In the intact 
inhibited the uri- 
citrate-C' 
enhanced its conversion to respiratory C'%O,; 


animal fluoroacetate treatment 


nary excretion of administered and 
fluorocitrate treatment resulted in an augmenta- 
tion of the urinary excretion of the citrate-C' 
and depressed its conversion to respiratory C'O,,. 
Studies of the metabolism of liver and kidney 
slices in the presence of fluoroacetate or fluoro- 
citrate indicated a difference in the mechanism of 
action of these inhibitors. 

Although the distribution of citrate in the sub 
cellular fractions of liver differed from that found 
in kidney after fluoroinhibitor administration, the 
localization in each of the tissues was the same, 
regardless of whether the rat received fluoroacetate 
or fluorocitrate. 
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Many tests are available for measuring un- 
evenness of pulmonary ventilation. In recent 
years tests of unevenness of pulmonary blood 
flow have been described, which utilize radio- 
active krypton (1) in patients with emphysema, 
radioactive oxygen in patients with mitral steno- 
sis (2), and radioactive carbon dioxide in normal 
subjects (3). These studies provide quantita- 
tive data on the degree of unevenness of pul- 
monary blood flow but require expensive and 
not easily 


and are 


complicated 
adapted to clinical pulmonary function testing. 


apparatus 


Simpler methods of estimating unevenness of 
blood flow in relation to ventilation have been 
suggested. These are based on the rate of rise 


of arterial saturation (ear oximeter) 


during the inhalation of oxygen (4-6), analysis 


oxygen 


of gas samples obtained from various lobes of 
the lungs (7), continuous analysis of a single 
expiration (8), and the difference between the 
nitrogen tension of alveolar gas and urine (9, 
10). 


quantitative data on the degree of unevenness of 


These simpler methods do not provide 


pulmonary blood flow. 

An ingenious graphical method of determining 
unevenness of perfusion of the lung in patients 
with chronic pulmonary emphysema has been 
worked out by (11). 
This method utilizes a nitrogen washout and 


Briscoe and co-workers 
wash-in technique and the arterial saturation 
during air-breathing. Its disadvantage is that 
other causes of arterial desaturation—i.e., shunts 
and diffusion barriers—cause an overestimation 
of the degree of unevenness of perfusion. 

In this laboratory we have devised a test 
which yields quantitative data for the deter- 
mination of the fractional alveolar ventilation 
and pulmonary capillary blood flow that go to 
the well and poorly ventilated regions of the 

* Fellow of the National Tuberculosis Association. Sup- 
ported in part by USPHS Grant H-4029. 


lungs. The test requires the use of a nitrogen 
meter and a flow-through cuvet O» electrode for 
measuring arterial Pos continuously during the 
inhalation of Os. 
proximately 20 minutes and the calculations 


In practice the test takes ap- 


another 20 minutes. This method is based on 


the principle that the rate of rise of alveolar Oy, 
tension during oxygen inhalation depends on the 
distribution of inspired O, to well and poorly 
ventilated regions of the lung (in relation to 
their volume), while the rate of simultaneous 
rise of arterial O», tension depends on the dis- 
flow to these 


tribution of pulmonary blood 


regions and the anatomical shunts. The theory, 
method and results of these studies in normal 
subjects and in patients with cardiac and pul- 


monary disease are presented here. 


THEORY 


The lungs can be divided into a well ventilated region 
(which need not be homogeneous) and a poorly ventilated 
region (subscripts 1 and 2, respectively). Arterial blood 
is a mixture of blood that has passed through these regions 
or through venous-to-arterial shunts. Its oxygen content 
(C,) is related to the blood flows through the capillaries of 
the various regions (Oy, QO») and through the shunt (Q,), 
and to their respective oxygen contents (C;, C. and C;) as 


follows: 

C,-Q QO: ‘th + CA [1] 
where QO; + O» Sa QO, = Or, the cardiac output. In this 
and subsequent formulations we omit, from our otherwise 
conventional (12) symbolization, the subscript c for capil- 
lary and the chemical subscript Os. 

It follows from Equation 1 that at any time (¢) during 


the No 
, QO, : O» 
=Cu(. —) + Cx(—~) 
QO; + OQ. QO; + QO» 
C .( 
QO; 


We assume the following are constant in the later stages ol 
the N» washout: /) the magnitude of the various blood 
flows (Q,, Qs, O., Or) relative to each other; 2) the arteri- 


When we then 


washout: 


ovenous Os content difference (C C 
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consider the difference between the final equilibrium state 
at time f and the changing state at time /¢, it follows that: 


’ QO, 
Ciy — Cre ( - = ) 
0: + QO. 


—— Qs 
+ (Cy - Cx) (<4 ~) [3] 
QO, + Q: 


Late in the washout when hemoglobin is fully saturated 


Ca; = 


in all parts of the lung, further changes in Oz content are 
linearly related to changes in O2 tension (13). Equation 3 


can then be formulated in terms of differences in Pos: 


(a 

0,+0 
= ) [4] 
+ Ov 


Any Pos gradient due to diffusion difficulty becomes in 


finitesimal at this time when Pos, is high in all alveoli 


13-15). Alveolar and end-capillary oxygen tensions are 
Pay = P,, PAs =P, 


If Pcos is constant within each region, then Pos is related 


thus identical within a region; i.e. 


to PNo, provided that the total pressure of all gases is con- 
stant, as it is, in each region, and hemoglobin is fully satu- 


at this time. Then: 


O; 
aPis, (> —— ) 
O, + Q. 


T ited, as it is, 


Pay 


Pa; = 


Or 
+ aP ox, ( " " ) 
0: + 0. 


where the various values of APN» are the excess at time / 


over the final! value at time f. APcy, is the mean value of 


this excess in mixed end-capillary blood. This relation 
holds, regardless of the number of regions. 

Late in the washout the concentration of nitrogen has 
become negligible in all but the worst ventilated region 
rhe contributions of N» from the inspired O, tank and from 
the tissues are virtually constant; while they affect the 
final value they are of no significance in these considera 
tions of the changes in PN». It follows that, late in the 
washout: Vaz -APAx, = Vac: APAon, and Ox -APan, = 
Qo: AP ow, 


ventilation or 


where the subscript T refers to total alveolar 
total Since APAwn, = 


APox,, these two equations yield the ratio between those 


cardiac output. 


fractions of total alveolar ventilation and total perfusion, 
respectively, which are distributed to the poorly ventilated 


region: 


Va-/Var QO: On = APAn,/APen, [6] 


\t the end of the N» washout this ratio is constant, since 
semilogarithmically plotted values of APAy, and APcy, are 
When (VAs/Var), APAn, 
and APcx, are experimentally determined, Q./Qr can be 


found to lie on parallel lines 


calculated. No attempt has been made to estimate the 


distribution of perfusion to compartments in the well venti- 


isider N 
s less than 4 


For present purposes we cor washout complete 


when the forced end-expired Pn mim Hg 
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lated region, because the assumptions that allow the cal- 
culation of Pex, are not valid in the early portion of the N» 
washout. The distribution of pulmonary blood flow is 
matched with the distribution of alveolar ventilation when 
the fractional perfusion equals the fractional ventilation 
of the poorly ventilated region. 

The dilution index. A template was made in which 
log {1/[1 + (1/n)]}" is plotted against n. 
over the semilogarithmically plotted data and analyzed 


This was laid 
into linear components (16,17) (Figure 1). The inter- 
section of the curved template with each straight line gives 
a value of m (on the baseline) which is the dilution index. 
This index, which is related to the turnover rate (k) of 
Robertson, Siri and Jones (16) is the ratio FRC/V1 Vp 
for each region. 

rhe use of the dilution index and its determination by a 
template has proved to be a useful shortcut in the calcula- 
tion of the functional residual capacity (F RC) and alveolar 
tidal volumes of the well and poorly ventilated regions 
It also provides a simple characterization of the alveolar 
ventilation of any region. 

Mixed expired alveolar versus end-tidal nitrogen concen- 


trations. In our study we measured end-tidal N» concen- 
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dilution index template is superimposed on these graphs, 
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POORLY VENTI 
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EXPIRED ON SCALI 


WELI 
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The dotted lines represent 


partments obtained from the N» end-tidal washout. 


giving an intercept value with the well ventilated region 


at breath 5 and with the poorly ventilated region at breath 


1) 
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Fic. 2. 
CUVET (C-D) FOR THE ELECTRODE SHOWING THE HOLES (E) THAT 
rUBES (F AND G) FROM THE WATERBATH AROUND CUVET AND ELECTRODE. 
snugly beneath the right-hand part and the membrane of the Clark electrode is in the flowing blood 


stream. 


tration. The fact that these concentrations exceed mixed 
alveolar and mixed expired concentrations does not affect 
our determination of the dilution indices m; and mz (18). 
But this fact does necessitate the use of an additional piece 
of information in determining the absolute volumes and 
We have used the 
following relationship to determine alveolar ventilation 
for the less ventilated alveoli (Vr — Vpb).: 


ventilations of the various regions. 


FRCtT — n,(Vt — Vb 


ny 


(VT — VD). = 


Where FRCt, Vt, and Vp are, respectively, the total 
FRC, tidal volume, and dead space. 


METHODS AND MATERIAL 


The seated subject breathed from a system which de- 
livered air or oxygen on demand. Inspired and expired 
gas were sampled continuously in the mouthpiece, and 
passed through an infrared CO. meter and a No meter, 
both calibrated before and after each study with gases 


While the 


subject breathed air, expired gas was collected for 3 min- 


analyzed with the Scholander gas analyzer. 
utes in a Neoprene metereological balloon. A sample was 
taken for O2 and CO, analysis and the volume measured 
Brachial arterial blood 


with a Tissot spirometer. was 


sampled through an indwelling polyethylene catheter. 
Its Pco; was measured with the Severinghaus COs elec- 
trode (19). During N» washout studies arterial O» tension 
was measured continuously with a Clark electrode placed 
ina temperature-controlled cuvet (Figure 2), through which 
blood flowed at a constant rate in a range of 5 to 10 ml per 
minute. The data were recorded on a Grass polygraph 
(see Figures 3, 5 and 7). Barometric pressure was meas- 
ured at each study and was used to calculate all tensions. 

This flow-through O, electrode was calibrated by analyz- 


ing samples of arterial blood at the beginning and the end 


UNEVEN 


RiGHT, CLARK O, ELECTRODE (A) IN LUCITE JACKET (B) AND LEFT, THE FLOW 


PULMONARY BLOOD FLOW 


THROUGH 
ALLOW CIRCULATION THROUGH 
rhe left-hand part fits 


of the N» washout on a Severinghaus modification of the 
Clark O: electrode (19). The Clark electrodes used in this 
study were slightly alinear over the 0 to 95 per cent O 
range. This alinearity occurred below 21 per cent Os, 
which affected the accuracy of the Po» record in the earliet 
part of each study but not in the later part used in deter- 
he final Pao, used 


in each case was the constant highest value, regardless of 


mining the distribution of perfusion 


the time required to attain it. 

The reproducibility of the method was checked in dogs 
in which the arterial blood from the femoral artery that 
passed through the cuvet was returned continuously by 
vein. In 3 dogs studied this way repeated N»2 washouts 
ona constant volume ventilator, and continuous recordings 
of Pao, were identical for the individual dogs. 

The arterial Po» tracing lagged behind the tracings re- 
corded at the mouth for two reasons. The first was the 
circulation time from the alveolar capillaries to the cuvet, 
which averaged about 12 seconds; this was measured as the 
time between the rise in alveolar O» tension occurring dur- 
ing the first inhalation of O. and the onset of the rise in 
arterial Pos. The second was the slow response time of the 
electrode; the mean time for 90 per cent response after a 
square wave rise in Po» in either blood or gas was 9 seconds 
Because the rate of rise of the arterial O. tension was not 
constant during the N» washout, it was necessary to cor- 
rect the rate of rise in O2 tension for the electrode lag. The 
over-all lag was checked by having the patient perform a 
Valsalva maneuver for several seconds at the completion ot 


the N» 


rise in Oy» tension in the alveolar gas almost equal to the 


washout. This maneuver causes a square-wave 


total rise in alveolar pressure. The time for a new plateau 
of arterial O. tension to occur was approximately the same 
as the sum of the circulation time and time for 90 per cent 
electrode response, determined separately. 

In addition to these studies, the following pulmonary 
function tests were performed: 7-minute N»2 washout (20) ; 
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FRC at the end of 7 minutes (20); single breath Oz test of 
(21); calculation of physiologi- 


; Maximal inspiratory and expiratory 


distribution of inspired air 
) 


) 


cal dead space é 
and, on patients with interstitial fibrosis, pul- 


(23). 


flow rates; 


monary diffusing capacity \natomic dead space 


This 


since it represented the average PDS 


was estimated to be 30 per cent of the tidal volume 
value was chosen, 
Vr X 100 in the normal subjects whose VT ranged from 
420 to 970 ml 


RESULTS 


Figure 3 shows a typical 
Both the No 


arterial O, tension are fast and “‘complete’”’ in 20 


Normal subjects. 
recording. washout and the rise of 
breaths. Figure 4 shows the semilogarithmic 


plot of per cent N» in end-tidal gas and capillary 
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blood. The data in Table I] show that the Va/Q, 
ratios are approximately the same in both the 


well and poorly ventilated regions despite the 
fact that the well ventilated region has consider- 
ably more ventilation per unit alveolar volume 


than has the poorly ventilated compartment. 


The two plots are superimposable. 


Patients with pulmonary emphysema. Figure 


5 shows that both the rise in arterial O. tension 
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Fic. §. WITH 


BLOOD Os TENSION, 


and the fall in alveolar Ns concentration are de- 
Although the delay 


blood curve, this can best be determined by plot- 


layed. is greater for the 
ting semilogarithmically per cent No» in end-tidal 
gas and capillary blood (Figure 6). There is a 
marked difference between the two, owing to 
overperfusion or underventilation of the poorly 
ventilated space. The shaded area represents 
the region selected for the calculation of ventila- 
tion and perfusion distribution to the poorly 
ventilated region. Table II shows that there is a 
marked difference in ventilation-perfusion ratios 
of the two regions in patients with emphysema. 
The percentage of the total ventilation distrib- 
uted to the two regions is similar to that found 
in the normal subjects, but there is a marked in- 
crease in the volume of the poorly ventilated 
region so that the ventilation of this space is 


In 


addition, there is a marked increase in perfusion 


markedly reduced in relation to volume. 
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5. The shaded area represents the portion of washout 
where calculation of distribution of ventilation, perfusion 


and mean expired alveolar PN, was performed. 


through the poorly ventilated region in terms of 
percentage of total pulmonary blood flow; in 
relation to volume, this perfusion is much the 
the The 
Va/Q. ratio in the poorly ventilated space is 


same as in normal group. reduced 
reflected in the low arterial O» tension when these 
patients breathe air and in the increase in PDS 
VT ratio and arterial end-tidal Pco. differences. 

Patients with mitral valvular disease and pul- 


monary hypertension. ‘Two subjects had pure 


rABLE II 


Distribution of functional residual capacity, ventilation, perfusion and the fractional ventilaiion to perfusion ratios of 
, Vy, ’ 3 j WU L 7 1 ) 


4] . ” 
The well 


ventilated and poorly ventilated regions (mean and range) in normal subjects and patients 
with pulmonary and cardiac disease 


Groups, no Well ventilated region 


VA% O% Va‘ 


Normal, 9 82 
58-100 


Emphysema, 15 


Interstitial 


fibrosis, 7 5-8 1.05—3.60 


Mitral valv. 
dis. + pulm. 
hypertens., 4 


1.00 


6.5% " - ‘ms ae Jos 
0.92 
0.84—1.00 


1.03 
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0.30 
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0.14-0.91 
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BLOOD Oy TENSION, END 


and two had mitral stenosis and 
insufficiency. All had pulmonary hypertension 
confirmed by pressure recordings during cardiac 
patient with 


mitral stenosis, 


A record from a 
a mean pulmonary 


catheterization. 


pure mitral stenosis and 


arterial pressure of 50 mm Hg is shown in Figure 


7. There is a very slow rise in arterial O» ten- 
Tables I and II show unequal ventilation- 


the 


sion. 
to those found in 
patients with emphysema. These findings were 
reflected in the PDS/VT ratios, the 
increased Pco» differences between arterial blood 


perfusion ratios similar 
increased 


and alveolar gas. 
DISCUSSION 


In developing the equations that allow calcula- 
tion of end-capillary N»2 tension, several assump- 


tions were made. The first was that the pul- 


blood flow a fixed distribution 


monary reached 


pattern late in the N» washout; i.e., the fractional 
blood flow through the well and ane ventilated 
region became constant. This merely implies 
that any changes due to Oy, were proceeding at a 
negligible rate near the end of the Oy» breathing 
were made. 


this 


determinations 
calculated by 


period when our 


rhe 


method is that which occurs during pure ogyxen 


perfusion distribution 


breathing. 

The second assumption is that the right-to-left 
anatomical shunt becomes a fixed fraction of the 
pulmonary blood flow during N» washout. In 
normal subjects the anatomical shunt becomes 
constant when alveolar Po» is raised stepwise 
(16). 

The third assumption is that the arteriovenous 


(), content difference (C,—-C;) reaches a constant 
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value over the latter part of the washout. There 
is no reason why this should change at a time 
when the subject is virtually in a steady state. 

The fourth assumption, that diffusion barriers 
present no impediment when Pao, is high, is 
valid and has already been discussed under 
Theory. 

The fifth assumption, that the PcO2 is constant, 
though at various values in different regions, is 
valid in a steady state such as this. 

The last assumption is that the lung can be 
divided into only a well and a poorly ventilated 
This assumption permits the calculation 

alveolar PN». from the end-tidal PN» 


In order to check the reasonableness of 


region. 

of mixed 
graph. 

this assumption, a model lung with a distribution 
of ventilatory regions varying over a wide range 
was constructed mathematically. When this 
model was subjected to a Ne washout, and the 
alveolar PN. was plotted on two-cycle semilog- 
only two regions could be found 
by the The 
tilatory-region simplification is practical as well 
as convenient. 7-minute FRC to 
calculate the fractional ventilation to the poorly 


arithmic 
graphical technique (24). 


paper, 
two-ven- 
The use of the 
ventilated region is convenient but, in patients 
with chronic pulmonary emphysema, introduces 
A recent study (25) has 
FRC 


Ne» washout method underesti- 


inaccuracy. 
that the 
measured by the 
mates the prolonged N» washout FRC by 19 to 


a small 


shown conventional 7-minute 


patients with chronic pulmonary 
the 
Ne open-circuit and the 
the 18- 


48 per cent in 
this laboratory 7-minute 
the 


methods 


emphysema. In 
ERC 
closed-circuit 
minute FRC by an average of 980 ml in 13 pa- 
tients with chronic pulmonary emphysema (26). 
Using the rather than the 7-minute 
FRC the the 
poorly ventilated region approximately 20 per 
cent, or an increase from 15 to 18 per cent in the 
value VA per cent to the poorly ventilated region 
1 Table II. 

The contributions of N» 
tank and from the tissues have a virtually con- 
stant effect and so do not influence the 
values of APN» used here, which are differences 
from the final state. Hence the APAx 
APex, is not affected. 


measured by 
underestimated 


18-minute 


value increases ventilation to 


from the inspired O» 
various 
ratio 
during the N» 


Measurement of arterial Po» 
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washout can be made continuously, as here, o1 
by drawing individual samples at different times 
The 
measurements in the high Pos range is +5 mm 
Hg. The advantage of the directly recorded 
Pao, is that Pao, — 
the entire N» washout and the proper range can 
be selected late in the washout when the slopes of 


during the washout. accuracy of Pao, 


Pao,, can be graphed over 


PAn, and Pey, are parallel. 

The results show that in normal subjects the 
ratio of ventilation to perfusion is approximately 
the same for both the well and the poorly venti- 
lated regions. This finding is in agreement with 
the results obtained by other methods (3) and 
is to be expected from the normal values for 
pulmonary function obtained in these subjects. 

In the patients with emphysema, there was a 
consistently lower ventilation-perfusion ratio in 
the poorly ventilated region. The perfusion of 
the two regions in the patients with emphysema 
was more closely related to the volume of the 
region than to its ventilation. This confirms 
work recently published by Briscoe and associ- 
ates (11). This can be interpreted in two ways. 
One is that the poorly ventilated region repre- 
sents the more normal lung tissue which is still 
normally perfused, while the well ventilated area 
represents tissue with increased compliance and 
ventilation in which there has been loss of capil- 
lary bed. Another is that the reverse situation 
exists and the poorly ventilated region represents 
the more diseased areas in which ventilation 1s 
markedly inadequate and perfusion is still rela- 
tively in excess of the inadequate ventilation. 
Further studies are needed to establish correla- 
tions between the physiological findings such as 
the distribution of the 
alveolar and capillary lesions in patients with 


ours and anatomical 
emphysema. 

The results in patients with fibrosis showed 
great variation and are difficult to interpret. In 
some patients the ventilation-perfusion relation- 
ships appeared relatively normal, while in others 
the findings were similar to those in patients with 
emphysema. These findings are consistent with 
those of others (27, 28). 

In the patients with mitral disease and pul- 
monary hypertension, there were abnormalities 
of ventilation-perfusion relationships similar to 


those seen in patients with emphysema. It has 
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been shown (29) that the distribution of the pul 
monary vascular lesions in such patients is not 
uniform. The greatest medial hypertrophy and 
intimal thickening is found in the bases, while 
the apical regions of the lungs are relatively 


normal. It is possible that the abnormalities in 


Va/Q. in our patients with mitral stenosis and 


pulmonary hypertension are due to these differ- 
ences in the pulmonary vasculature. 


SUMMARY 


1. A new method is described for obtaining 
quantitative data on distribution of pulmonary 
capillary blood flow through well and poorly 
ventilated regions of the lungs. It requires con- 
tinuous or repeated analyses of alveolar PN» and 
arterial Po». during inhalation of On». 

2. End-capillary PN» is calculated from the 
arterial O, tension during the N» washout. 

3. The ratio of PAy, to Pex, late in the washout 
gives the ratio of fractional ventilation to frac- 
tional perfusion through the poorly ventilated 
space. 

4. Unevenness of perfusion exists when the 
fractional perfusion is in excess of fractional 
ventilation to the poorly ventilated space. 

5. Normal subjects have no unevenness of per- 
fusion in relation to ventilation. 

6. Patients with emphysema have marked un- 
evenness of perfusion in relation to ventilation 
but not in relation to lung volume. 

7. Patients with interstitial fibrosis may have 
unevenness of perfusion in relation to ventilation. 

8. Patients with mitral valvular disease and 
have unevenness of 


pulmonary hypertension 


perfusion in relation to ventilation. 
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OF PHENYLHYDRAZINE ON THE ADENOSINE 


TRIPHOSPHATE CONTENT OF NORMAL AND GLUCOSE- 
6-PHOSPHATE DEHYDROGENASE-DEFICIENT 


HUMAN 


BLOOD * 
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(Submitted for publication March 17, 1961; 


The erythrocytes of certain individuals are pe- 
culiarly sensitive to the hemolytic effects of prima- 
A va- 


riety of biochemical abnormalities has been un- 


quine and a number of related compounds. 


covered in such erythrocytes, principally related 
to deficiency of glucose-6-phosphate dehydroge- 
(GOPD) (1-3) but the 
sponsible for the drug-induced hemolysis have 


nase mechanisms re- 
not been clearly defined. 

Adenosine triphosphate (ATP) is an important 
compound in the metabolism of the erythrocyte, 
and it is known that a decrease in the concentra- 
tion of ATP in erythrocytes correlates well with 
decreased survival of these cells as they age im 
(4, 5) (6, 7). It therefore 
seems possible that a fall in the level of ATP 


vitro and in vivo 
might be associated with the decreased erythro- 
cyte survival that occurs in drug-induced hemo- 
lytic anemia. In order to obtain evidence bearing 
on this point phenylhydrazine hemolysis was 
chosen as a model. The effect of phenylhydrazine 
on the ATP of whole blood from normal subjects 
and from individuals with G6PD deficiency was 
determined under a variety of in vitro experi- 
Herein are presented data 


mental conditions. 


from experiments which demonstrate that phenyl- 


hydrazine induces a marked fall in the ATP level 
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The 


fall in ATP can be partially prevented by glucose 


of both normal and G6PD-deficient blood. 


in both types of blood, but the protective effect is 
less in GOPD-deficient blood. 


MATERIALS AND METHODS 


The 
who had 


Subjects studied. 
G6PD-deficient 
normal hemoglobin by electrophoretic analysis performed 
on starch blocks (8). In all 
normal, the 


All subjects were adult males. 


subjects were all Negroes 


subjects the leukocyte 


count was hematocrit above 40 per cent, 


and the reticulocyte count below 3.3 per cent. The he- 
matologic studies were performed by standard methods 


(9). G6PD was assayed by following the appearance 
of reduced triphosphopyridine nucleotide (TPNH) spec- 
under the conditions 
The 


ethylenediamine 


trophotometrically 
Motulsky (10): 
umoles disodium 


described — by 


reaction mixture contained 3 


tetraacetic acid; 20 
umoles MgCl,; 39.5 umoles nicotinamide; 222 mmoles 
Tris-( hydroxymethyl) aminomethane; 5 wmoles glucose- 
6-phosphate; 0.4 mg_ triphosphopyridine nucleotide 
(TPN); and 2 ml of a 1 


whole blood in a 


:250 aqueous hemolysate of 
The 


was carried out at room temperature in cuvets of 1 cm 


7» 


final volume of 3 ml. reaction 


light path in a Beckman model DU spectrophotometer. 

Units of activity are defined as change in optical density 

at 340 my per minute per ml of erythrocytes. 
Preparation of blood. Whole blood 


heparin (0.1 mg per ml of blood) under sterile condi- 


was collected in 
tions from fasting subjects. Whole blood was used for 
most experiments to keep manipulation of the erythro- 
cytes to a minimum. The data of 
Talbott (11) and of Whittam (12) 
tially all the ATP of whole blood is in the erythrocytes, 


sishop, Rankine, and 
indicate that essen- 


and in the present study no significant difference was 
found between the ATP content of whole blood and an 
equivalent amount of washed erythrocytes from a sus- 
pension which had a hematocrit of 35 per cent and con- 
tained 2,000 platelets and 1,850 leukocytes per mm’. 
Washed erythrocytes were prepared at 4° C as de- 
scribed by Whittam (12) except that balanced salt solu- 
tion buffered bicarbonate used throughout. 


with was 


The erythrocytes were finally suspended in sufficient 


balanced salt solution to restore the volume to that of the 
original blood. 
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EX TRACTED 


Fic. 1. 


WHOLE 


CHROMATOGRAM OF NUCLEOTIDES 
WITH AND WITHOUT 


AMP ADP 
PHENYLHYDRAZINE. 


FROM BLOOD INCUBATED 


PHENYLHYDRAZINE, SHOWING RISE IN AND 
AND FALL IN ATP LEVEL INDUCED BY 
The chromatograms were obtained from TCA extracts of 
10 ml whole blood incubated for 8 hours at 37° C with 
and without phenylhydrazine, as outlined under Methods 
20 cm columns 
The flow 
rate was 0.5 to 0.8 ml per minute; 6-ml fractions were 
collected. The achieved a 


concave gradient by 


Chromatography was carried out on 1 


of Dowex 1 * 8 formate resin, 200-400 mesh 


gradient elution system used 


means of a conical reservoir con- 


taining 140 ml solvent and a cylindrical mixing vessel 


containing 220 ml solvent. Solutions of ammonium for- 


mate at pH 4.5 were used as eluant. The first gradient 
M ammonium formate and the sec- 
from 0.35 to 1.2 M 
was completed by straight elution with 1.2 M and 2.0 M 
Abbreviations DPN, 
TPN, triphosphopyridine 
ADP, 


triple ysphate : 


was from 0 to 0.35 


ond After this the chromatogram 


ammonium formate. used are: 
diphosphopyridine nucleotide ; 


AMP, 
diphosphate ; 


adenosine 
ATP, 


unknown components. 


nucleotide ; monophosphate ; 


adenosine adenosine 


and U 


Incubation of blood. Ten ml of blood or washed eryth- 


rocyte suspension was placed under sterile conditions in 
(4a E 


Phenylhydrazine hydrochloride dissolved in 0.9 per cent 


silicone-coated Drifilm) screw-capped tubes 
sodium chloride solution was sterilized by filtration and 
was added to the appropriate vessels to a final concen 
tration of 3.4 uwmoles per ml. Sterile glucose solution in 
0.9 per cent sodium chloride was added to the appropriate 
vessels to give a final concentration of added glucose of 
20 uwmoles per ml. All reaction mixtures were made to 
a final volume of 11.0 ml with 0.9 per cent sodium chloride 
solution when Incubation was carried out at 
37° C in an atmosphere of air with intermittent inversion 


of the tubes to maintain suspension of the cells 


necesary 
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At the end of each period of incubation the pH, pet 
(14) 
were determined on a 1.0 ml aliquot of the reaction mix 
ture, and a cold trichloroacetic acid (TCA) 
the method of 


cent hemolysis (13), and Heinz body formation 
extract was 
made from the remainder by 3ishop and 
(11). 
throughout the incubation period by 
Worthington 


co-workers Glucose was determined at intervals 
a glucose oxidase 
(Glucostat, Corp., 

pee BP the 


method of Bueding and Wortis (15) and lactic acid by 


method 3iochemical 


Freehold, Pyruvic acid was measured by 
the method of Barker and Summerson (16). 
Column chromatography. The acid-soluble nucleotides 
were chromatographed on 1 X 20 cm columns of Dowex 
1 X 8 formate resin (200-400 mesh) (17). 
tract had the the 
washed with water until the effluent no longer absorbed 
light. of the 
carried out with solutions of ammonium formate at pH 
4.5, with a flow rate of 0.5 to 0.8 ml per minute. 


After the ex- 


passed through resin, column was 


ultraviolet Elution nucleotides was then 
Sepa- 
ration of all the major nucleotides was achieved with a 
concave gradient system (18) employing a conical reser- 
voir and a cylindrical mixing vessel (19). The details 
of the technique are given in Figure 1. 

In order to simplify the estimation of ATP, a chro- 
matographic system was developed which separated the 
nucleotides into a pre-ATT fraction, ATP, and a post- 
ATP fraction 
1.1 M ammonium formate at pH 4.5 until ATP 
covered, and then with 2.0 M ammonium formate at pH 


The chromatogram was developed with 


vas re 


4.5 to recover the post-ATP fraction. A chromatogram 


? 


of this type is illustrated in Figure 
of 


both 


chromatogram with an automatic fraction collector. 


6 ml were collected for types 


The 


optical density at 260 and 275 my was determined for 


Fractions of 


each fraction. Nucleotides were identified by their ul- 


traviolet absorption spectra and by their position on the 
standard 


with compounds 


Mo. Is 


chromat gram as Cc ympared 


(purchased from Sigma Chemical Co., St. Louis, 


PHENYLHYDRAZINE - BHRS 


a. 
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40 60 80 
20mM— 


ELUANT 


Fic. 2. 


MEASURING 


SIMPLIFIED CHROMATOGRAPHIC PROCEDURE FOR 
ATP. Blood 


The chromatographic 


was incubated as described 


in Figure 1. procedure was that 
used in Figure 1 except that elution was performed with 
1.1 M 2.0 M 


as indicated on the figure 


a nongradient system utilizing and am- 


monium formate at pH 4.5, 





EFFECT OF PHENYLHYDRAZINE ON ATP OF HUMAN BLOOD 


rABLE I 


Changes in the pH, per cent hemolysis, and Heinz body formation of whole blood incubated with phenylhydrazine 


lime of incubation, 
hours 


Pheny! 
hydrazine 


Phenyl 
hydrazine 


Pheny] 
hydrazine 


Phenyl! 


Control Control hydrazine 


pH 
Hemolysis, “% 


RBC 
with 5 or more 


Heinz bodies, ‘; 


In some experiments the adenine nucleotides were ana- 
lyzed for ribose (20) and phosphate (21) content, and 
DPN and TPN were further identified by the change 
in extinction coefficient at 340 mu which occurs on reac- 
(22). Recovery of ultraviolet-ab- 
than 90 per 


tion with cyanide 
cent in all 
Also, 


standard was 


sorbing material was greater 
experiments with both types of chromatography. 
recovery of known amounts of an ATP 
than 94 per cent with both 


greater chromatographic 


systems. 
RESULTS 
Effect of phenylhydrazine on the ATP of whole 
blood in vitro. 
effect of incubation of whole blood with phenyl- 


Data from an experiment on the 


hydrazine on the pH, per cent hemolysis, and 
Heinz body formation are shown in Table I. In 
no experiment was the final pH less than 7.3; he- 
molysis never exceeded 2 per cent during an 8 
hour incubation; and in most experiments after 
4 hours’ incubation with phenylhydrazine, more 
than 90 per cent of the erythrocytes contained more 
than 5 Heinz bodies. 

Illustrated in Figure 1 are typical chromato- 


grams obtained from the TCA extracts of normal 


rABLI 


7.58 A 7 


4 
1.0 . 1.8 


whole blood incubated for 8 hours with and with- 
out phenylhydrazine. The chromatogram of blood 
incubated for 8 hours without phenylhydrazine 
does not differ significantly from that found with 
blood at zero time, and the quantities of nucleotides 
recovered at both 0 and 8 hours agree well with 
the data of Bishop and co-workers (11). Two 
definite changes in the nucleotide pattern of blood 
incubated with phenylhydrazine can be detected: 
first, there is a marked decrease in ATP and a 
corresponding increase in adenosine diphosphate 
(ADP) and adenosine monophosphate (AMP) ; 
and second, there is an increase in the material 
eluted from the column after ATP. This ma- 
terial has not been identified but appeared, from 
a study of the ultraviolet absorption spectrum, 
to be a mixture of a guanine compound with an 
adenine-like compound. In these experiments 
the final concentration of phenylhydrazine was 
3.4 pmoles per ml; higher concentrations, up to 
6.8 pmoles, caused a greater fall in ATP; lower 
concentrations, down to 1.7, »moles per ml, were 


less effective in this regard. 


II 


Reciprocal rise in AMP and ADP after the fall in ATP occurring after 8 hou 
incubation of whole blood with phenylhydrazine * 


Subject 


D.M. (normal) 
Control 


Phenylhyd. 


R.D. (G6PD-def. 
Control 
94.6 


Phenylhyd. 126.2 


\denine nu 
cleotide re 


covered, % 


\MP & ADP 
& ATP 


$15. 


399. 


ot 342.5 


* Concentrations are given as umoles/L whole blood. See text for abbreviations. 
+ In each experiment 100% recovery was assumed for the control vessels. 
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Quantitative data on the adenine nucleotides 


from this experiment and a similar one on blood 
from a G6PD-deficient subject are presented in 
Table Most of the ATP which disappeared 
was found as ADP and AMP in both experiments, 
indicating that the fall in ATP was due primarily 
to loss of terminal phosphate groups. 

Figure 2 shows chromatograms from experi- 
ments to determine the time course of the de- 
crease in ATP which occurs when blood is in- 
cubated with phenylhydrazine. The simplified 
chromatographic system was used. In extracts of 
blood incubated with phenylhydrazine, the total 
amount of ultraviolet-absorbing material remained 
constant, but there was an increase in material 
eluted from the column before and after ATP and 
a decrease in ATP. Quantitative data on the ATP 
level obtained from such experiments on three nor- 
mal and one G6PD-deficient subject are presented 
in Figure 3. It ATP of 
blood incubated with phenylhydrazine decreases, 


can be seen that the 


beginning at about 6 hours, and by 8 hours has 
fallen to about 35 per cent of the original amount 
In blood incubated without phenylhy- 
The 


results were the same in blood from normal sub- 


present. 
drazine the ATP remained nearly constant. 


jects and a subject with G6PD deficiency. 

The effect of glucose on the ATP of phenylhy- 
drazine-treated blood. The delay of 
hours before the decrease in ATP of phenylhy- 
drazine-treated blood that the fall 
related to the depletion of glucose. 


several 


suggested 


might be 


\ccordingly, experiments were carried out to 


rABLI 
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Normal Subject WW 
Normal Subject J.B 
’ Normal Subject D.M 
x G6PD Deficient Subject R.D 
Control 
| ---- Phenyihydrazine 
| 
Ce a a or Oe T 
O 2 4 6 
TIME IN HOURS 


FALL OF ATP IN NORMAL AND G6PD- 


ATP pmoles perL. WHOLE BLOOD 








RATE OF 
DEFICIENT BLOOD INCUBATED WITH AND WITHOUT PHENYL- 


Fic. 3. 


HYDRAZINE. ATP was determined on extracts prepared 
from 10 ml of blood incubated as outlined under Meth- 
ods. 

assess the role of glucose in the changes in 
ATP in blood incubated with phenylhydrazine. 
Table III presents data from such experiments 
on three normal and three G6PD-deficient sub- 
jects. Glucose utilization averaged 0.66 pmole 
per ml of blood per hour for samples incubated 
without phenylhydrazine and 0.85 pmole per ml 
of blood per hour for samples incubated with 
phenylhydrazine. Blood 
one G6PD-deficient subject was incubated at 37 


from two normal and 


Ii! 


The effect of added glucose on the ATP content of normal and G6PD-deficient 
whole blood incubated with phenylhydrazine for 8 hours * 


No glucose added 
Control Phenylhydrazine 
G6PD 


activityt ATP Glucose ATP Glucose 


179.0 


‘in ATP$ 


Glucose addedt 


Control Phenylhydrazine 
Decrease % Decrease 


ATP Glucose ATP Glucose in ATP$ 


61.9 348.6 
62.7 287.4 
46.2 309.0 


* ATP concentration expressed as umoles/L blood, glucose concentration as wymoles/m] blood. 


+ The blood was supplemented with 20 wmoles per ml glucose. 


Glucose-6-phosphate dehydrogenase“activity expressed as change in optical density /min 


ml RBC. 


1 as % fall in ATP content of phenylhydrazine-treated blood compared with control blood. 


irement of glucose not accurate below 0.1 wmole per n 





EFFECT OF PHENYLHYDRAZINE ON ATP OF HUMAN BLOOD 


C with or without phenylhydrazine (3.4 pmoles 
per ml) and with added glucose (20 pmoles per 
ml), and the amount of lactic and pyruvic acids 
formed was compared with the amount of glu- 
Although 88 to 103 per 
cent of the glucose utilized over an 8-hour period 


cose which disappeared. 


by both types of blood incubated with or without 
phenylhydrazine could be accounted for by lactic 
and pyruvic acids, phenylhydrazine altered the 
relative amounts of these two compounds formed. 
Thus, in both types of blood incubated without 


phenylhydrazine, pyruvic acid accounted for only 


1 to 2 per cent of the glucose utilized, while in blood 
incubated with phenylhydrazine, 10 to 18 per 
cent of the glucose utilized appeared as pyruvic 
acid. These data indicate that glucose is metabo- 
lized principally by normal pathways in blood in- 
cubated with phenylhydrazine, although there ap- 
pears to be interference with the reduction of py- 
ruvic acid to lactic acid. The accumulation of 
pyruvic acid has been previously reported for 
phenylhydrazine-treated avian (25) and human 
(23) erythrocytes. 

Table III, 


8 hours with phenylhydrazine but without added 


As shown in in blood incubated for 
glucose, there was less than 0.1 mole of glucose 
per ml remaining in all vessels except one (Sub- 
ject J.C.). 


duced in all vessels compared with the controls, 


The ATP level was markedly re- 


although in the blood from Subject J.C., where 
there was glucose still remaining after the incu- 
bation period, the fall was not so great as in the 
others. In the control vessels incubated for 8 
hours without phenylhydrazine or added glucose, 
glucose remained in all vessels except one (Sub- 
ject E.B.). The ATP level in the blood from 
Subject E.B. was lower than in the other control 
vessels but was still much higher than in the 
comparable vessel with phenylhydrazine added. 

In the experiments on blood with glucose added, 
a large quantity of glucose remained after 8 hours’ 
incubation with or without phenylhydrazine. In 
blood from normal subjects there was an average 
fall in ATP of 12 per cent, while in blood from 
G6PD-deficient subjects there was an average fall 
in ATP of 38 per cent. 
protected G6PD-deficient erythrocytes and almost 
completely protected normal erythrocytes from 
the fall in ATP induced by phenylhydrazine after 


Thus, glucose partially 


8 hours’ incubation. 


TABLE IV 


Normal whole blood incubated for 12 hours with phenyl- 
hydrazine and glucose added 


Control Phenylhydrazine 


Subject ATP Glucose ATP Glucose 


pmoles /I pmoles/ml 

302.3 16.8 23.3 
202.9 17.5 37.3 
222.4 19.0 29.4 


pmoles/L —moles/ml 
D.M. 394.1 19.0 
.C. 323.5 18.0 
B.F. 314.8 21.2 


* Expressed as % fall in ATP content of phenylhydrazine-treated 


blood compared with control blood. 


blood with 


3ecause there was a slight fall 


Prolonged incubation of normal 
phenylhydrazine. 
in ATP in normal blood incubated with phenyl- 
hydrazine and added glucose, additional experi- 
ments were performed to determine whether the 
protective effect of glucose on the ATP of normal 
blood would extend over a longer period of incu- 
Table IV and 


demonstrate that, even with an adequate glucose 


bation. The results are shown in 


concentration, incubation with phenylhydrazine 
for 12 hours causes a definite fall in the ATP con- 
tent of normal blood. 

Washed erythrocytes incubated with phenylhy- 
drazine. Figure 4 illustrates the results of an 
experiment performed to determine the effect of 
phenylhydrazine on the ATP of erythrocytes 
which had been washed to remove most of the 
glucose. The washed erythrocyte suspension con- 

G contro . 


ae PHENYLHYDRAZINE 





PER CENT OF ATP REMAINING 


TIME OF INCUBATION IN HOURS 
Fic. 4. Tue PHENYLHYDRAZINE ON THE 
ATP oF WASHED ERYTHROCYTES. The data are plotted 
as the per cent of zero time ATP remaining after each 
The hematocrit of the erythrocyte 


EFFECT OF 


period of incubation. 
suspension was 36 per cent and the initial glucose con- 
The 
erythrocyte suspension was incubated as outlined under 


Methods. 


centration was 0.2 umole per ml of suspension. 
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tained 0.2 pmole of glucose per ml at the beginning 
The fall in ATP level 


was more rapid in the samples incubated with 


of the incubation period. 
phenylhydrazine than in the controls. The rate 
of disappearance of ATP from the control sus- 
pension was similar to that observed by Whittam 


(iz). 


DISCUSSION 


The mechanism by which phenylhydrazine di- 
minishes the ATP level of whole blood is at pres- 
ent unknown, although ultimately there must be 
either a decrease in ATP regeneration or an in- 
crease in ATP breakdown, or both. Phenylhy- 
drazine is known to increase the rate of glucose 
utilization by blood (24) and, in those experi- 
ments in which blood was incubated with phenyl- 
hydrazine without added glucose, the fall in ATP 
might be accounted for in part by decreased re- 
generation of ATP as a result of exhaustion of 
glucose. In the experiments in which glucose 
was added to the incubation mixture in sufficient 
quantity to provide substrate throughout the ex- 
periment, a fall in ATP could still be demonstrated 
after 12 hours in normal blood and 8 hours in 
G6PD-deficient blood, that the 
effect of phenylhydrazine on the ATP level of 


which suggests 
blood cannot be ascribed entirely to increased 
glucose utilization, This point is further empha- 
sized by the demonstration that a more rapid fall 
in ATP level occurred in washed erythrocytes in- 
cubated with phenylhydrazine than was found in 
the controls. Since essentially no glucose was 
available for ATP regeneration in these experi 
ments, the results suggest that phenylhydrazine 
increases ATP breakdown instead of interfering 
with ATP regeneration. Further investigation 
will be necessary, however, to establish this point. 

When phenylhydrazine is added to blood it 
reacts with oxyhemoglobin to form, among other 
products, hydrogen peroxide or equivalent free 
radicals (25-27). Hydrogen peroxide oxidizes 
hemoglobin (25-27) and other proteins (28, 29) 
including, perhaps, enzymes concerned with ATP 
metabolism. If hydrogen peroxide is the toxic 
agent responsible for the decline in ATP content 
of blood exposed to phenylhydrazine, then the dif- 
ference in protective effect of glucose on the ATP 
of normal blood compared with G6PD-deficient 


blood may be tentatively explained on the follow- 


AND WILLIAM J. 


WILLIAMS 
ing grounds. Hydrogen peroxide formed in the 
erythrocyte must be reduced by catalase or peroxi- 
dase, and we would expect the activity of both 
these enzymes to be suboptimal in G6PD-deficient 
blood incubated with phenylhydrazine. There 
are reports that catalase activity is decreased in 
the G6PD-deficient erythrocyte (30) and _ that 
phenylhydrazine is a catalase inhibitor (31). The 
“glutathione peroxidase” (32) of erythrocytes re- 
quires reduced glutathione (GSH) as a cofactor, 
and when hydrogen peroxide is reduced by this 
enzyme, oxidized glutathione (GSSG) is formed. 
GSSG must be continually reduced to GSH for 
peroxidase to remain active, and TPNH is the 
chief pyridine nucleotide necessary for this reduc- 
tion (33). The G6PD-deficient cell is limited in 
its capacity to regenerate TPNH because metabo- 
lism of glucose via the pentose phosphate pathway, 
which is a source of TPNH, is interfered with by 
the enzyme deficiency. Hence, we would expect 
glucose to be less effective in protecting against 
the effects of hydrogen peroxide in the G6PD- 
deficient cell than in the normal cell, because the 
limiting factor would be the deficient enzyme. 
The biochemical events leading to hemolysis in 
normal or G6PD-deficient erythrocytes exposed 
to phenylhydrazine or related compounds are still 
undefined. It seems possible that a decreasing 
level of ATP in the erythrocyte could lead even- 
tually to hemolysis in view of the studies that have 
correlated a low level of ATP with impaired eryth- 
rocyte survival in stored blood (4, 5) and with 
aging of erythrocytes in vivo (6,7). Other stud- 
ies have shown that older erythrocytes (which 


have a low ATP content) (6, 7) are more sus- 


ceptible to immune hemolysis (34), osmotic he- 


molysis (35, 36), and drug-induced hemolysis 
(37). The fall in ATP observed in these stud- 
ies may be directly related to the hemolytic mecha- 
nism, but the relatively long time required for 
the gross changes in ATP concentration to oc- 
cur may weigh against this concept. It is also 
possible that the altered ATP metabolism occurs 
coincidentally with other chemical changes which 
lead directly to hemolysis. 

In this study attention has been directed pri- 
marily to the changes induced by phenylhydrazine 
in the concentrations of the adenine nucleotides of 
the erythrocyte. blood 
with phenylhydrazine there was also an increase 


However, in incubated 
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in the quantity of ultraviolet-absorbing material 
appearing after ATP in the chromatograms. The 
chemical nature and biologic significance of this 
material are at present unknown, although it ap- 
pears to be at least quantitatively important, 
since it represented up to 28 per cent of the total 
ultraviolet-absorbing material in these extracts. 


SUMMARY 


1. Incubation of normal and glucose-6-phos- 
(G6PD )-deficient — blood 
with phenylhydrazine induced a decrease in adeno- 


phate dehydrogenase 
sine triphosphate (ATP) concentration and a 
corresponding increase in adenosine diphosphate 
and adenosine monophosphate. In addition, there 
was an increase in the amount of ultraviolet-ab- 
sorbing material of unknown chemical composi- 
tion which was eluted from Dowex-1 formate 
resin columns after adenosine triphosphate. 

2. Phenylhydrazine enhanced glucose utiliza- 
tion and pyruvate accumulation in both normal 
and G6PD-deficient blood. 

3. The fall in ATP concentration induced by in- 
cubating normal blood with phenylhydrazine for 
8 hours was largely prevented by adding glucose 
to the incubation mixture but, in normal blood 
incubated for 12 hours with phenylhydrazine, a 
definite fall in ATP concentration was demon- 
strated even with glucose added. 

4. Glucose was less effective in protecting 
G6PD-deficient blood from the ATP-lowering 


effect of phenylhydrazine than it was with nor- 


mal blood. 

5. Phenylhydrazine induced a more rapid fall 
in the ATP concentration of erythrocytes washed 
free of glucose than occurred in the controls. 
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Amethopterin and related folic antagonists in- 
hibit the reduction of folic acid to tetrahydro folic 
acid (2). The clinical effects of these drugs are 
thought to be related in turn to the role of tetra- 
hydro folic acid in single-carbon transfer reactions 
during nucleic acid synthesis (3). Recently, pteri- 
dines such as folic acid have been implicated in 
metabolism, the conversion of 


another area of 


phenylalanine to tyrosine. In this conversion the 
pteridine is thought to act as a cofactor which is 
reduced in a separate enzymatic reaction, then 
takes part in the actual hydroxylation of phenyl- 
alanine. The reaction sequence as it is currently 
deduced from studies in vitro is presented in Fig- 
ure 1. Enzymatic activities corresponding to 
phenylalanine hydroxylase (‘rat enzyme”) and 
the cofactor-reducing enzyme (‘sheep enzyme”), 
as well as the cofactor itself, have been observed 
in normal human liver (4). 

It has been shown that folic acid antagonists 
such as amethopterin inhibit tyrosine synthesis in 
a partially purified enzyme system, and im vivo in 
the rat (5). The site of inhibition is believed to be 
the enzymatic reduction of the pteridine cofactor. 
The work reported here is an investigation of the 
effects of amethopterin on phenylalanine metabo- 


lism in man, and the possible relevance of this ef- 


fect to the clinical properties of folic antagonists. 
Experiments were also performed on rodents to 
explore the possible interrelationship of folic acid 
metabolism, phenylalanine metabolism, and cancer 
chemotherapy. 
METHODS 

Patients receiving amethopterin (Methotrexate) for 
the treatment of histologically-proven metastatic chorio- 

* A preliminary report of the clinical findings described 
here has been presented at the Forty-Fourth Annual 
Meeting of the Federation of American Societies for 
Experimental Biology, Chicago, Ill., April 13, 1960 (1). 

+ Present address: Department of Medicine, Washing- 
ton University Medical Center, St. Louis, Mo. 


carcinoma or leukemia were studied before, during and 


after therapy. Amethopterin was given in either of two 
dosage schedules: patients with carcinoma received 20 to 
25 mg intramuscularly daily for 5 days in repeated 
(6) ; 


mg orally daily, as continuous therapy. 


courses patients with leukemia received 5 to 10 
Several pa- 
tients were studied who received 6-mercaptopurine orally 
in daily doses of 100 to 200 mg and several who received 
vincaleukoblastine, 5 to 10 mg intravenously, each day 
for 3 days (7). Six adults were studied who did not 
have known malignant disease and did not receive chem- 
otherapy. 

Phenylalanine metabolism was measured by an oral 


phenylalanine tolerance test. The pt or L form of the 
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Fic. i, 
SYSTEM FOR 


SCHEMATIC REPRESENTATION OF THE ENZYME 


HYDROXYLATION OF PHENYLALANINE IN 
MAMMALIAN LIVER AND THE LOCUS OF INHIBITION BY FOLIC 


ANTAGONISTS. 


amino acid was given after an overnight fast in a dose 
of 0.1 g per kg body weight mixed in orange-ice. Blood 
was drawn at 0, 2, 4, and 6 hours after the phenylalanine 
was given. The serum was analyzed for phenylalanine 
by the method of La Du and Michael (8), and several 
Kaufman 


determinations confirmed by the method of 


and Levenberg (5). Tyrosine was measured by the 
method of Udenfriend and Cooper (9). 

Recoveries of added phenylalanine and tyrosine were 
quantitative from sera of patients before, during and af- 
ter therapy. The decay constants for serum phenylala- 
nine were calculated for the 2- to 4-hour, and 4- to 6-hour 


1743 





1744 THEODORE 1 


intervals, trom the equation 


2.30 10(C» ‘ 1O( C4 Cs 
log . . or 


2 C: : Ci 


represent the increment of serum 
above the level at 2, 4, and 6 
The greater of the two values for k 


and C, 


fasting 


phenylalanine 


hours, respectively. 
was included in Table I. These calculations assume that 
serum phenylalanine fell in accordance with a first order 
rate equation after an oral dose. The assumption is sup- 
ported by the agreement of the k& values for each time 
interval after the second hour; i.e., the logarithms of the 
I values at 2, 4, and 6 hours fell on a 
plotted The 
parameters of phenylalanine tolerance were the maximal 


phenylalanine 


straight line when against time. other 
serum phenylalanine achieved during the test and the in- 
crement in plasma tyrosine during the test. Each pa- 
tient provided her own control before or after therapy. 
Several tests were performed in which oral L-tyrosine 
was used in place of phenylalanine, and the data were 
treated in the same way. 

In some studies urine was collected in 6-hour samples 
on the days of the tolerance tests and assayed for phenyl- 
pyruvic acid by the method of Fglling and Sydnes (10). 

The therapeutic response to the drugs was assessed 
by hormonal and radiological criteria in the cases of 
choriocarcinoma, as described by Hertz and co-workers 
(6), and by hematological criteria in the cases of leu 
The 


membrane ul 


kemia. Drug toxicity was assessed clinically. 


parameters for toxicity included mucous 
ceration, skin eruptions, and bone marrow suppression 
as reflected in peripheral blood counts. 

Several tissues were assayed for the presence of thi 
using the two 
(11). The 


tissue samples were homogenized in either 0.01 M acetic 
in 0.01 M potassium phosphate buffer, pH 7.0 


hydroxylase, by 
Kaufman 


enzyme, phenylalanine 
independent methods described by 


acid, or 
Simultaneous assays were performed on rat liver as a 
day-to-day check of the assay procedure. 

Folic deficiency in Sprague-Dawley rats was induced 
by feeding weanling animals either a commercial folic- 
deficient diet with 2 per cent succinylsulfathiazole (Sulfa- 
weeks, or a 

The latter 


Silverman and Pitney, prevents the 


Nutritional Biochemicals) for 7 


folic-deficient diet for 16 


suxidine, 
high-fat, weeks 
diet, developed by 
weight loss usually seen in folic deficiency in rats (12). 
Controls were given the former diet plus 20 mg of folic 
acid per kg of diet. Folic deficiency in the first group 
gain 


of animals was documented grossly by failure to 
total 


the group fed the high-fat diet, deficiency was 


weight, and by low white blood cell counts. In 
docu- 
formimino- 


mented by the elevated urinary excretion of 


glutamic acid, as measured by a microbiologic assay. 
The livers were assayed for folic acid plus precursors 
with the digestion procedure of Silverman and Gardiner 
(13), and a microbiological assay employing Pediococ- 
us cerevisiae. The same livers were assayed for the 
cofactor of phenylalanine hydroxylase by the method of 


(14) 


cofactor determination 


Kaufman Assays were performed in the linear 


range of the 


GOODFRIEND 


AND SEYMOUR KAUFMAN 
@ Before Therapy 


After Amethopterin 


ig. 2. A ORAL PHENYLALA- 


TOLERANCE 


REPRESENTATIVE PAIR OF 


NINE TESTS PLOTTED ON LINEAR COORDINATES 


(PatiENT 1, TABLE I). 


A pilot study was performed to test whether changes 
in the phenylalanine or tyrosine content of the diet af- 
transplantable 


fected the to amethopterin of 


mouse leukemia. 


response 
The diets contained either 1 per cent 
L-phenylalanine and 1 per cent tyrosine (normal), 3.5 
per cent L-phenylalanine and 1 per cent L-tyrosine (high- 
or 1 per cent L-phenylalanine and no ty- 
rosine The diets 
cording to Franklin, Stokstad, Belt and Jukes (15), ex 
cept that the casein hydrolysate was treated to remove 


yhenylalanine ), 
] } 


(low tyrosine). were formulated ac- 


aromatic amino acids! and supplemented with tryptophan 


and methionine. Survival times were recorded, and a 
dose-response curve to amethopterin was determined for 
each diet after inoculation of the mice with strain L-1210 
transplantable leukemia. The general procedure of Goldin, 


Venditti, Humphreys and Mantel was employed (16). 


RESULTS 


Phenylalanine tolerance tests. Table 1 presents 
the results of the clinical study and includes the 
toxic and therapeutic effects of amethopterin, and 
the parameters of phenylalanine tolerance. In 
some patients repeated courses of therapy and 
repeated phenylalanine tolerance tests were per- 
formed. patient demonstrated impaired 
This 


was manifest by a higher maximal serum pheny]- 


Every 
phenylalanine tolerance after amethopterin. 


alanine level, a slower decay from this maximum 
(smaller k), and a smaller increment in blood ty- 
rosine. <A typical study is presented graphically 
in Figure 2, and phenylalanine values for several 
other studies are plotted on semilogarithmic co- 
ordinates in Figure 3. 

The shortest time interval between the first in- 
jection of amethopterin and the performance of a 
tolerance test was 12 hours, (Patients 5, 6), and 


1 Supplied as compound MJ 309B by Mead, Johnson 


and Co., Evansville, Ind. 
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Fic. 3. ORAL PHENYLALANINE TOLERANCE _ TESTS, 
PLOTTED ON SEMILOGARITHMIC COORDINATES. The curves 
labeled 1, 2, 3, and 1A, 2A, 3A are from the correspond 
ing patients in Table I. The suffix “A” indicates tests 
performed after amethopterin. The curves labeled “‘heter- 
ozygotes” and “normals” are from the data of Hsia and 
Paine (17). “Heterozygotes” are subjects whose chil- 
dren had phenylpyruvic oligophrenia. The curve labeled 


Continued 


“phenylketonuric” is a phenylalanine test performed dur- 


serun 


ing the current study on a subject with known phenyl- 


phenyl.t 


pyruvic oligophrenia. All values are corrected for the 


Max 


fasting phenylalanine level except those for the phenyl- 


TABLI 


ketonuric subject. 


kg I 


a marked change in phenylalanine tolerance was 


0.05 g 


0.1 


evident at that time. The changes in phenylala- 
nine tolerance were observed 2 weeks after the last 
injection of amethopterin. 

The control tests (before therapy) in patients 
with cancer did not differ from those in patients 
without cancer. The fasting levels of phenylala- 
nine and tyrosine did not differ in these groups, 
nor did they change after therapy. Also included 


before tes 


in the table and in Figure 3 are the mean values 
reported by Hsia and Paine for similar tests in 
normal subjects and presumed heterozygotes for 
the gene producing phenylpyruvic oligophrenia 
(17). One test in the current study was done on 
a patient known to have phenylpyruvic oligo- 


phrenia. 


Diagnosis 


Oral tyrosine tolerance tests were performed 


gonadismn 
Leventhal 
phenyl py 
ruvics 


Normal 


in three patients before and after therapy. 
Amethopterin did not alter the absorption or me- 
tabolism of tyrosine as measured by the maximal 
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plasina level and the rate of decay of plasma ty 


rosine. 


Routine liver function tests (serum bilirubin, 


alkaline and = glutamic-oxalacetic 
failed to 


changes after amethopterin therapy. 


phosphatase, 


transaminase levels) show consistent 


Patients who received 6-mercaptopurine or 
vincaleukoblastine demonstrated toxic side effects 
to the drugs which resembled those that followed 
amethopterin, but none of these patients showed 
impaired phenylalanine tolerance (Patients 2, 10, 
13-16). 

Within Table I the 


roughly in order of decreasing tumor response to 


patients are arranged 


therapy. No correlation was found between this 
response and the degree of impairment of phenyl- 
alanine tolerance. Furthermore, no correlation 
was observed between toxicity from amethopterin 
and phenylalanine tolerance. 

Patients 1, 3-6, 8, 9, 11 and 12 


was tested for phenylpyruvic acid before and after 


The urine of 


amethopterin. In those patients who received the 


pL-phenylalanine mixture, there was detectable 


phenylpyruvic acid in the urine, but the excretion 


did not rise after therapy. In the patients who 


rABLI 
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received L-phenylalanine, no phenylpyruvic acid 


was detected before or after therapy. 
Assay of phenylalanine hydroxylase in various 


lissues. Vhenylalanine hydroxylase assays were 


performed on the following numbers of separate 
human choriocarcinoma (2 


tissue specimens: 1 


strains) grown as heterologous transplants in 
(18), 


surgery; | 


the cheek pouch of the hamster human 


choriocarcinoma excised at human 


term placenta; 1 human placenta aborted after 18 
weeks’ gestation; 3 rat placenta approximately 3 
days from term; 


4 rat mammary gland during 


pregnancy ; 2 rat mammary gland during lactation ; 
20 immature rat uterus after 6 days’ stimulation by 
1 rabbit 
tissues 


exogenous estrogen ; 3 rat small intestine ; 


marrow; 1 rabbit skin. These were 


chosen for assay be 
to the 
phenylalanine hydroxylase activity detected in any 


cause of their known sensitivity 


effects of folic antagonists. There was no 


of the specimens tested. Thus, liver is the only 


tissue in which significant phenylalanine hydroxy- 


lase activity has been detected. 
Effect of 
content of liver 


folic acid-deficient diet on cofactor 
Table II presents the findings 


of an experiment to determine the effect of folic 


II 


Effects of folic-deficient diets on the content of cofactor for phenylalanine hydroxylase in rat liver 


Peripheral Folic acid 


On diet Weight 


days 
Standard diet + folic acid 


Standard diet, deficient 


count 


Cofactor 
content 
of livert 


FIGLU* 


excretion 


content ol! 
livert 


pumoles ‘day ug/g wet liver g wet liver 


0.67 
0.73 
0.89 
0.81 
0.71 
0.84 


400 

3,100 

,500 

I : ‘ 200 
1 51 ,600 


en Un Ww 
7 ES coo, 


High-fat diet, deficient 


120 se 0.56 


1 
i 120 170 0.46 
1 120 180 0.49 


0.77 
0.80 
0.69 


. Formiminoglutamic acid; normal urinary excretion for the rat is less than 5 wmoles/day. 

+ Measured as citrovorum factor after autolysis to convert “prefolic”’ and folic acids to citrovorum factor (13 

t One unit is the amount of cofactor activity le ding to the form: ition of 1 umole tyrosine in a standard assay con- 
taining phenylalanine, phenylalanine hydroxylase, and “sheep enzyme” (14). 
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acid deficiency on the level of cofactor for phenyl 


alanine hydroxvlase in rat liver. There was a 
36 per cent reduction in the mean level of co 
factor activity in only those rats which demon- 


The rats fed a high-fat diet to 


strated inanition. 
prevent inanition failed to show any reduction of 


cofactor content. 

The pilot study using mouse leukemia failed to 
yield evidence for an effect of various dietary 
phenylalanine: tyrosine ratios on prolongation of 


survival time by amethopterin. 


DISCUSSION 


The complete phenylalanine hydroxylase system 
requires two enzymes (named for their conveni- 
ent animal sources), TPNH, oxygen, phenyl- 
alanine, and a cofactor (Figure 1). The exact 
structure of the cofactor is not known, but it has 
many of the chemical characteristics of a pteridine. 
Several synthetic tetrahydro pteridines including 
tetrahydro folic acid can substitute for the natural 
cofactor in vitro, 

The second enzyme (“sheep liver enzyme’), 
catalyzes the reduction of the cofactor by TPNH 
(4). 
oxygen, phenylalanine is converted to tyrosine in 


In the presence of reduced cofactor and 


a reaction catalyzed by phenylalanine hydroxylase 
Folic 


thought to block the enzymatic reduction of co- 


(“rat liver enzyme’). antagonists are 
factor in a manner analogous to their inhibition of 
the activation of folic acid coenzymes by folic acid 
reductase (2). The experiments described here 
suggest that the scheme of phenylalanine hydroxy- 
lation derived from in vitro investigation applies 
as well to the human. 

The inhibition of phenylalanine metabolism by 
amethopterin therapy is incomplete. There is, 
possibly, nonenzymatic reduction of the cofactor, 
unaffected by amethopterin, which permits phenyl- 
alanine metabolism to proceed at a reduced rate 


The ob- 


served inhibition of phenylalanine metabolism is 


after inhibition of sheep liver enzyme. 


of the same order of magnitude as the impaired 
phenylalanine metabolism found by Hsia and 
Paine in heterozygotes for phenylpyruvic oligo- 
phrenia (17) but far less than that seen in the 
that 
whereas amethopterin blocks sheep liver enzyme, 


homozygote. It should be emphasized 


patients with phenylpyruvic oligophrenia lack the 


GOODFRIEND 


\ND SEYMOUR KAUFMAN 
hydroxylating enzyme itself (rat liver enzyme). 
The “sheep” enzyme and cofactor are present in 
normal amounts in the liver of patients with this 
disease (4). 

There is little resemblance in the toxic state fol- 
lowing folic antagonists to the clinical picture of 
phenylpyruvic oligophrenia. No evidence was 
obtained for characteristic mental or dermatologic 
changes. In addition, the patients with drug-in- 
duced impairment of phenylalanine metabolism 
did not excrete phenylpyruvic acid in the urine. 
This is consistent with the finding of Armstrong 
and Low, who failed to detect phenylpyruvic acid 
in the urine unless the serum phenylalanine level 
exceeded 0.91 pmoles per ml (19). 

The results of our study, with regard to the 
speed of onset and duration of changes in pheny]l- 
alanine tolerance after amethopterin, are in ac- 
cordance with those found by Condit for folic re- 
ductase activity (20). He measured the excre- 
tion of citrovorum factor after a test dose of folic 
acid and found an effect within 3 days of an in- 
jection of amethopterin. The effect was evident 
for 2 to 10 weeks after the last dose of amethop- 
Char- 
ache, Condit and Humphreys (21) found per- 


terin, depending on the dosage schedule. 


sistence of amethopterin, detected by direct assay 
of human liver, 3 months after the last dose of 
amethopterin. 

Three experiments were performed to assess 
the importance of the “phenylalanine effect” of 
amethopterin in chemotherapy, and all three were 
negative. First, there was no correlation between 
the degree of impaired phenylalanine tolerance 
and the clinical response to treatment. Second, 
there was no effect from feeding additional phenyl- 
alanine or omitting dietary tyrosine on amethop- 
terin therapy in mouse leukemia. These dietary 
alterations were designed to accentuate the prob- 
able metabolic consequences of inhibition of phenyl- 
alanine hydroxylation. Third, there was no evi- 
dence for the presence of phenylalanine hydroxy- 
lase in tumor tissue or in normal tissues (other 
than liver) which are known to be affected by folic 
antagonists. 

The folic-deficient diet failed to reduce the he- 
patic level of cofactor for phenylalanine hydroxy- 
lase except when inanition was also induced. The 


folic acid level was consistently reduced. This 





PHENYLALANINE METABOLISM 
may indicate that the cofactor is not derived from 
folic acid, or that the cofactor is preferentially re- 
tained in the liver under conditions of folic de- 
ficiency, or both. 

Hydroxylation is the first step in the sequence 
of reactions that convert phenylalanine to CO, 
via tyrosine and homogentisic acid. The reaction 
may be considered, therefore, part of a degrada- 
tive pathway for excessive phenylalanine, as well 
as a part of several synthetic pathways which in- 
clude tyrosine. Folic antagonists also inhibit the 
degradation of the amino acid histidine by block- 
ing the metabolism of formiminoglutamic acid 
(FIGLU) (22). this inter- 
mediate has been used as a test of folic deficiency 


The excretion of 
or folic antagonism. There is no evidence that 
FIGLU excretion correlates with the therapeutic 
effects of amethopterin. Thus, three biochemical 
tests are available for the assessment of folic an 
tagonism in mammals: the failure to excrete nor- 
mal amounts of citrovorum factor after a test dose 
of folic acid, the excretion of abnormally large 
amounts of formiminoglutamic acid after the feed- 
ing of histidine, and the impairment of phenylala- 
nine metabolism during an oral tolerance test. 


SUMMARY 


1. Amethopterin therapy interferes with phenyl- 
alanine metabolism in man, as measured by the 
oral phenyalanine tolerance test. 

2. No evidence could be obtained for a rela- 
tionship between impaired phenylalanine metabo- 
lism and the therapeutic or toxic effects of ame- 
thopterin in man or in the mouse. 

3. Pronounced folic deficiency in the rat is 
sometimes accompanied by a slight reduction in 


the level of the cofactor for phenylalanine hydroxy- 


lase. 

4. These findings have been discussed with ref- 
erence to the proposed scheme of phenylalanine 
metabolism and the enzymatic effects of amethop- 
terin in man. 
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PHENYLTHIOCARBAMIDE NON-TASTING AMONG CONGENITAL 


ATHYROTIC CRETINS: 
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Phenylthiocarbamide (PTC) is a chemical com- 
pound which is bitter-tasting to approximately 70 
North (1)... “Phe 


remaining 30 per cent has a discrete reduction in 


per cent of white Americans 


taste threshold. This non-tasting trait is inherited 


as a probable mendelian autosomal recessive 


(2-4). 


relates phenylthiocarbamide to thiourea, propyl- 


A common thionamide group structurally 
thiouracil and goitrin (see Figure 1). These four 
substances are also similar in their ability to in- 
terfere with the synthesis of thyroid hormone, an 
action which leads to thyroid hypertrophy. 

PTC non-tasting has been shown to be more 
common in adult euthyroid patients with goiters 
(5, 6). 


sented evidence that the incidence of non-tasting 


In a preliminary report (7), we have pre- 


among congenital athyrotic cretins is significantly 
increased. The purposes of the present communi- 
cation are to relate the taste threshold of these 
cretins to their intellectual development, birth 
weight, birth month, and race, to describe more 
fully the methods and clinical findings, and to 
demonstrate that the distribution by taste thresh- 
olds for goitrin, a naturally occurring goitrogen, 
is simliar to phenylthiocarbamide. 


METHODS 


The subjects and controls were tested by the author 
with 14 concentrations of phenylthiocarbamide, and the 
(8). Di- 
lution 1 contains 1.3 mg of PTC per ml; each subse- 


method used was that of Harris and Kalmus 


* Supported by Playtex Park Grant 74TR, National 
Institutes of Health Grant RG 6329CL and an Institu- 
tional Research Grant to the University of Washington 
by the American Cancer Society. Presented in part to 
the Society for Pediatric Research, Swampscott, Mass., 
May 4, 1960, and at the First International Congress of 
Endocrinology, Copenhagen, Denmark, July 19, 1960. 

+ Present address: Dept. of Anatomy, College of Medi- 
cine, J. Hillis Miller Health Florida, 
Gainesville, Fla. 


Center, Univ. of 


quently numbered solution is one-half the strength of 


the preceding concentration. If a subject is able to taste 
only one of the concentrated solutions (1 through 4), he 
is designated a non-taster, whereas if his threshold is at 
Plastic squirt bottles 
By testing the parents first, 


dilution 5 through 14, he is a taster. 
facilitated the procedure. 
the interest and cooperation of the child was often stimu- 
lated. For the adults, the threshold 
mined by finding the weakest concentration at which they 
could differentiate 4 beakers of water from 4 beakers of 


taste was deter- 


Thiourea 
HaN-C-NHo2 
iL 


Propylthiouracil S 
CH3-CHo-CH2a-CH-CH2-C=0 
| | 
NH— C —NH 
S 


Phenylthiocarbamide 


P.T.C, NH- C—NH, 


S 


CH2=CH ri — CHa 


Sle 


CHEMICAL FORMULAS OF THE PERTINENT 


THIONAMIDES. 
the test concentration. In children and infants, the con 
centration of solutions was increased until bitterness was 
This 
peated in most instances until the threshold was estab 
In Fig- 


detected by vocal response and grimace. was re 
lished by 3 responses at the same concentration. 
ure 2 the reproducibility of the test in children is il 
lustrated. The average age in this group was 7.0 years 
Thresholds for taste of propylthiouracil, thiourea and 


goitrin ! were determined in adult volunteers by eliciting 


1 The goitrin was in the d,/ form and was a gift from 
Dr. M. R. Altamura of the Pioneering Research Division, 
Quartermaster Research and Engineering Center, United 
States Army, Natick, Mass. 
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rABLE 1 


° . , , 
we Foods in maternal diets investigated by questionnaire 


Antithyroid Goitrin 
effect isolated 
Food 10, 11,13) (9, 11, 12, 14) 


Rutabaga 
Turnip 
Cabbage 
Brussel sprouts 
Broccoli 
Peaches 
Pears 
Strawberries 
Spinach 
Peanuts 
Carrots 
Corn 

: a : Cauliflower 

- 5 4 Pickles 

Dilution- 2nd Test Peas 





String beans 

Soybeans 

CHILDREN. The circled points indicate retested athyrotic Milk 

cretins Lettuce 
Mustard 


‘yc. 2. RepropucisiLity oF PYC THRESHOLDS IN 


response on 3 serial passages through the endpoint * When goitrin-containing substances were administered 


he concentrations used are detailed in Figures 5, 6, and to the cow. 


An analysis of the maternal dietary intake of anti- are known to contain goitrin or to be thyroid-inhibiting 
thyroid foods was undertaken by the use of questionnaires in man (9-14) (Table I). Responses were obtained 
The number of monthly servings for 20 substances was from 27 of the 30 mothers of cretins, and they were com- 
estimated by the mother for the usual diet and compared pared with 17 similar questionnaires completed by 
with the diet during pregnancy. Ten of these 20 foods mothers of mentally retarded children. 


IABLE II 


Summary of clinical finding 


reatment PTC threshold 
before I 
6 mo J I Patient Mother Father Siblings 


50 

109 

18 

64 
normal* 
52 

85 

38 

100 
normal* 


74 


RMAARRAN © 
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nO 


low normal* 
? 


60 
38 
low normal* 
106 
101 
85 
92 
60 
105 
48 
R3 
60 
85 
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PHENYLTHIOCARBAMIDE NON-TASTING 
The psychometric evaluations of intelligence were per 


formed by different examiners in 27 of the patients 
The remaining 4 children were not formally tested. 
Correlation were 


with the formulas of Edwards (15). 


coefficients and x? tests calculated 


Clinical material. The 31 congenital athyrotic cretins 
and their families were from the clinics of university hos- 
pitals in several sections of North America.2 The diag- 
nosis was based on typical signs and symptoms of cre- 
tinism which appeared during the first 4 months of life. 
All of the patients had a history of enlarged tongue, 
myxedema, umbilical hernia, growth arrest, and dramatic 
response to thyroid therapy. If the history suggested an 
acquired type of cretinism (i.e., cutting teeth or normal! 
growth and development during the first year), the pa- 
tient was classified before taste testing as having ac- 


quired hypothyroidism. In 25 of the 31 congenital 
athyrotic cretins studied, either a serum protein-bound 
both, 


There were 20 females 


iodine or an I’”-thyroidal accumulation, or sup- 
ported the diagnosis (Table II). 
and 11 males; Subjects 24 and 25 were brother and sister 
Only one child was living in a school for the mentally 
handicapped. 

The control group consisted of adults working in the 
University of Washington Medical School and children 
attending out-patient clinics of the University Hospital, 
and the Children’s Orthopedic Hospital of Seattle. None 


of the controls had thyroid disease. 


RESULTS 
The results of PTC testing 
In four of 


Athyrotic cretins. 
are shown in Table II and Figure 3. 
the cretins, the threshold could not be accurately 
determined. Of the remaining 27, 18 were non- 
tasters and 9 were tasters; in the control group, 
which consisted of 42 adults and 62 children, there 
were 29 non-tasters (Figure 3). The incidence 
of non-tasting in the cretinous group was signifi- 
cantly elevated [y* = 22.0, degrees of freedom 
(D.F.) = 1, p < 0.001}. 

In a group of 13 children with acquired hypo- 
thyroidism, 4 were PTC non-tasters. Three of 
the 13 children had a goitrous form of cretinism 
and were tasters. 

The intelligence quotients of the tasters are com- 


pared with the non-tasters in Figure 4. There 


2 Subjects 1-11 were from the Pediatric Endocrine 
Clinics of the University Hospital and of the Children’s 
Orthopedic Hospital, Seattle, Wash.; 12-16 were made 
available by Dr. Geoffrey Robinson, Dept. of Pediatrics, 
Univ. of British Columbia, Vancouver, B. C.; 17-21 
were from the clinic of Dr. John Crigler, Dept. of Pedi- 
atrics, Harvard Medical School, Boston, Mass.; 22-31 
were from the clinic of Dr. Lawson Wilkins, Dept. of 
Pediatrics, Johns Hopkins Hospital, Baltimore, Md. 
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Fic. 3. THRESHOLD DILUTIONS OF PTC FoR THE MEM- 
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0203 2N- 
.O1016 
00 508 o- 
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.000 32 


BERS OF THREE GROUPS. Dilutions 1 to 4 designate a non- 


taster; dilutions 5 to 14 designate a taster. 


was no statistically significant correlation between 
the IQ rating and PTC-tasting threshold, but 7 
of the 15 non-tasters had a ratio below 80 whereas 
When the 


9 patients who were treated after 6 months of age 


only one of the 8 tasters was below 80. 


were excluded from the sample, there was no in- 
crease in significance of correlation. 
No relationship between taste status and the 


year or month of birth was noted. 
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TESTED CRETINS ARE COMPARED WITH THEIR PTC THRESH- 
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Thiourea mgm. /ml Fig. 7. COMPARISON OF TASTE THRESHOLDS 


AND d,l GOITRIN. 
TASTE THRESHOLDS FOR PTC AND THIOUREA. 
Of the total number of 99 pregnancies reported 
Although the average birth weight in the non- by the mothers, 12 (12.1 per cent) ended in abor- 
taster group was 3,465 g as compared with that of | 40n. 
the tasters (3.845 ¢). the difference was not Thyroid disease in the parents was assessed by 


s 


significant. | history and, where possible, augmented by exami- 
‘Families of the cretins. The incidence of PTC ation of the subject's neck; in four, clear evi- 
non-tasting among the parents was significantly dence of thyroid hypertrophy was evident. One 
elevated (x? = 21.6, D.F.=1, p< 0.001). Of 


30 mothers who were tested, 15 were non-tasters 


of these parents had been thyroidectomized for 
hyperthyroidism; the others were euthyroid. 

and 12 of the 27 tested fathers were non-tasters : An analysis of the questionnaires covering ma- 
ternal dietary intake of antithyroid foods revealed 


18 of the 29 unaffected siblings were non-tasters. : ae 
All of the parents were Caucasian but one, who that the mothers of cretins showed no differences 
was Negro. One parent was of Mediterranean 'O™ the ntrol aids ap <n mothers of mentally re- 
ancestry ; the remainder were descended from per- tarded noncretinous children. ' ” 
sons who had migrated from northern European laste thresholds for other thionamides. The 
ceueivins. taste thresholds for thiourea, propylthiouracil and 
goitrin were compared with the PTC thresholds 
in the same volunteers. In each case, a significant 
positive correlation was obtained. The correla- 
tion coefficients and concentrations used are de- 


tailed in Figures 5, 6 and 7. 


mgm /m/ 


DISCUSSION 


Dilutions 


Although attempts to define PTC non-tasting 
biochemically or physiologically (16, 17) have 


c 


been made, no definition has been firmly estab- 
lished. The perception of PTC is localized to the 


Concentrations 
P 7 / 


TC 


group of taste buds on the posterior aspect of the 
tongue. Harris and Kalmus (18) have previously 


p 





005 O2 ; shown that other thionamides such as thiourea 


Propylthiouracil, mgm /t and propylthiouracil exhibit the same taste dif- 


Conrranisom OF TASTY TuEEsHoLDs Por PTC ann ference as PTC. Our findings support their ob- 


PROPYLTHIOURACIL. servations and extend this group of thionamides 
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to include goitrin (/-5-vinyl-2-thio-oxazolidone ) 
which is a naturally occurring antithyroid sub 
stance (9-14). 

A significantly increased incidence of PTC non- 
tasting has been demonstrated in this group of 
athyrotic cretins. Because the non-tasting trait 
is a probable mendelian recessive (2-4), the find- 
ing of an increased incidence of non-tasting among 
the parents and among the siblings helps to ex- 
clude the possibility that the testing is inaccurate 
due to the lowered mentality among cretins. 
Fraser (19) has tested with PTC 17 of 28 children 
with a presumptive diagnosis of athyrotic cre- 
tinism; 15 were non-tasters. 

If cretinism is more common among non-tasters, 
one would expect fewer cases of congenital hy- 
pothyroidism in populations with a lowered in- 
cidence of the trait. Non-tasting occurs in only 2 
to 10 per cent of the Negro race as compared with 
an incidence of 30 per cent in non-colored North 
Americans (20). Scott and 
Jenkins (21) and by Childs and Gardner (22) 
have emphasized that cretinism is uncommon in 


Publications by 


the Negro race. Scott (23) reports that only 
two cretinous patients have been admitted to the 
Pediatric Service of Freedman’s Hospital during 
A high proportion of patients 
Childs and Gardner 


a 20-year period. 
in this hospital is colored. 
(22) observed only two Negroes in a group of 
90 cretins from the Johns Hopkins Hospital. 
The author has been unsuccessful in learning the 
incidence of cretinism in other racial populations 
which have a high percentage of non-tasters, and 
would appreciate receiving information on this 
point. 

PTC 


tasting and other features of cretinism was noted 


A possible relationship between non- 
only in the case of intelligence quotients, but here 
the increased intelligence of the tasters over the 
It was found that 
sritish Columbia 


non-tasters is only suggestive. 
the five patients examined in 
(Cases 12-16) were more intelligent and had 


normal incidence of PTC tasting. A separate 


pediatrician referred each of these patients, and, 


therefore, their selection differed from that in the 
other groups where the sample included a large 
majority of the cretins attending a_ particular 
clinic. It might be natural for an individual pe- 
diatrician to refer his most successfully treated 
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patient and thereby possibly select out a different 
group. On the other hand, the histories of these 
patients did not differ from the other cretins. It 
may be pertinent at this point to mention that 
children with a later developing form of cretinism 
(goitrous or non-goitrous) had a normal incidence 
of non-tasting and generally normal mental de- 
velopment. 

Hypotheses based on findings. What is the 
connection between the PTC non-tasting geno- 
type and athyrotic cretinism? Because of the 
chemical similarity between PTC and other anti- 
thyroid drugs and because of the increased sus- 
ceptibility of non-tasting adults to thyroid disease 
(5, 6), it is tempting to speculate that the fetus 
with non-tasting genotype is more susceptible to 
thyroid maldevelopment. Since the non-tasting 
state occurs in the normal siblings of the cretins, 
the PTC non-tasting by itself does not seem to 
account for athyrotic cretinism but may lead to 
circumstances which affect organogenesis of the 
thyroid. There is no evidence from our question- 
ing that the mothers of the cretins have a higher 
intake of goitrin-containing foods. It should be 
pointed out that, although some vegetables con- 
tain significant amounts of goitrin (9-13), Greer 
and Deeney have shown that it exists as its gly- 
coside, progoitrin (24, 25). Progoitrin which 
elicits antithyroid activity (25) is only slightly 
better and as a result might be unknowingly in- 
gested in large amounts. 

A mechanism that might lead to thyroid mal- 
development is an inability of the PTC non-taster 
to normally detoxify thionamide goitrins such as 
goitrin. Maloof and Spector (26) have shown 
that the particulate fraction of sheep thyroid cells 
has a desulfurating mechanism for the thionamide, 
thiourea. Similar preparations from sheep liver 
and kidney did not desulfurate. We have shown 
that a particulate fraction from human thyroid 
If the PTC non- 
taster were unable to desulfurate thionamides, his 


desulfurates S*°-thiourea (27). 


thyroid metbolism might be differentially affected 
by these substances. 

Although thionamides can cross the mammalian 
placenta and exert an inhibiting effect on fetal 
thyroid, there is no experimental evidence in 
animals (28-37) or in man (37, 38) that they 


can prevent thyroid einbryogenesis. 





FHOMAS H 


ot MMARY 


The incidence of non-tasting tor phenylthio 


carbamide (PTC), a mendelian recessive trait, 


is significantly increased among congenital athy- 


rotic cretins and their families. Speculations to 
explain this finding are discussed. There is no 
evidence that the maternal intake of goitrogenic 
foods was abnormal. 

\n insensitivity to taste perception for goitrin, 
thiourea, and propylthiouracil was demonstrated 


in volunteers who were also non-tasters for PTC. 
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The inborn metabolic error in phenylpyruvic 
oligophrenia consists of the inability to hydroxy- 
late phenylalanine to tryrosine in any significant 
amount. Recent work has focused mainly on the 
investigation of this hydroxylating system, its 
purification and mode of action (1—5), the inhibi- 
tory effect of phenylalanine and its derivatives on 
enzymes (6-9), and the prevention of mental re- 
tardation by a diet low in phenylalanine (10, 11). 

With this diet the free phenylalanine of plasma 
and total body fluid can be adjusted to any value 
that might be required to study the effect of 
phenylalanine concentration on metabolic proc- 
Bickis, Kennedy and Quastel (12), 
for example, demonstrated that phenylalanine, at 


esses In VIVO. 


concentrations similar to those observed in the 
blood of phenylketonuric patients, inhibited the 
We, 


were unable to find inhi- 


enzymatic degradation of tyrosine in vitro. 
on the other hand (13), 
bition of the breakdown of orally administered 
p-hydroxyphenylpyruvic acid in patients with 
plasma concentrations of phenylalanine as high 
as 50 mg per 100 ml. This discrepancy could be 
explained, for instance, by a diminished rate of 
p-hydroxyphenylpyruvic acid formation from tyro- 
sine in the in vitro experiments, or by a lower 
intracellular phenylalanine concentration in our 
in vivo study than one would have expected from 
the plasma phenylalanine levels. Since the dis- 
tribution coefficient of phenylalanine between tis- 
sue and plasma has not yet been determined in 
vivo, the intracellular phenylalanine concentra- 
tions in our experiments were not known. In 
order to evaluate properly the significance of 
metabolic experiments with phenylalanine, some 
estimate must be made of the distribution of the 
phenylalanine between plasma and tissue. 

Since patients with phenylpyruvic oligophrenia 
Research Grants 2729 


Mental Health. 


* This work was supported by 


and 3961 from the National Institute of 


demonstrate a defined metabolic variation from 
the norm, they also provide the opportunity to 
obtain further information that is not readily avail- 
able in normal subjects. For example, pool size 
determinations of amino acids have rarely been 
performed and have mostly proved to be unsatis- 
factory, beeause they are based on experiments 
with N? 


tions have to be made [see Wu, Sendroy and 


labeled amino acids and many assump- 


Bishop (14, 15) and Tschudy and co-workers 
(16) ]. 
labeled methionine in nonphenylketonuric individ- 


Experiments similar to ours with S*- 


uals have been published by Maurer (17). To 
our knowledge no studies on human beings have 
been made, so far, with C**-labeled amino acids, 
except by Gutman and co-workers (18), who esti- 
mated the pool size of glycine. The method used 
by them, however, was entirely different from ours. 

The use of C**-labeled amino acids eliminates 
the necessity of assuming, as did Sprinson, Ritten- 
berg and San Pietro (19, 20), that the rate of 
nitrogen transfer is faster than other metabolic 
processes involved here. It will be shown later 
that we have to make a similar assumption; 
namely, that equilibration of the labeled phenyl- 
alanine within the body is faster than other proc- 
If it 
phenylalanine to tyrosine is negligible in the 


esses. be assumed that the conversion of 
penylketonuric patient, then phenylalanine can 
only be stored, incorporated into proteins, ex- 
creted as such or as its metabolites—phenylpyruvic 
acid and phenylacetic acid. 

That this assumption is correct will be shown 
in a second paper (21). In addition, no apprecia- 
ble amount of phenylpyruvic acid or phenylacetic 
acid has been found in the circulating plasma of 


phenylpyruvic patients in comparison with the 


total amount of free phenylalanine (22). There- 
fore, the pool size, the turnover time, and the 


absolute turnover rate of free phenylalanine pool 
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can be estimated by means of C**-labeled phenyl- 
alanine without isolating free phenylalanine from 
The absolute turnover rate in the 
phenylketonuric organism is, therefore, only the 


the plasma. 


sum of incorporation into proteins, excretion, and 
conversion to compounds other than tyrosine. 
However, a small, nonspecific conversion to tyro- 
sine might be included. In respect to many 
metabolic functions, phenylketonuric patients seem 
to behave like normal individuals; but from a 
metabolic point of view they may be considered 
human mutants. Thus, it might be possible to 
carry out studies at normal phenylalanine levels, 
taking advantage of the existence of the metabolic 
block, to derive data applicable to persons other 
than phenylketonurics. 


MATERIALS AND METHODS 


Two male and two female patients suffering from 
Three (J.I., 
N.C. and K.H.) had been on a diet low in phenylalanine 
High 


protein foods were replaced by a casein hydrolysate from 


phenylpyruvic oligophrenia were studied. 


for at least 3 weeks prior to the experiments. 
which phenylalanine had been removed (Lofenalac, Mead 
Johnson Co.). The plasma phenylalanine was adjusted 
to levels of 2.3 mg in J.I., 7.0 mg in N.C., and 10.5 and 
17.0 mg per 100 ml in K.H., and K.H.. (the experiments 
in K.H. were carried out on two different occasions). 
No phenylpyruvic acid was excreted in the urine as 
checked by the ferric chloride test. Patient R.S. 
maintained on a normal diet, excreted large amounts of 


was 


phenylpyruvic acid, and had a plasma phenylalanine con- 
centration of 47 mg per 100 ml plasma. The experiments 
were carried out on 3 consecutive days, in the morning. 
Breakfast was omitted. 

First day. Determination of antipyrine space was done 
according to Brodie, Axelrod, Soberman and Levy (23). 

Second day. A needle with a three-way stopcock was 
inserted into the cubital vein and a blood sample was 
taken for the determination of the free phenylalanine 
plasma level, total plasma proteins, hematocrit, and hemo- 
About 8 X 10° cpm to 11 ¥ 10° cpm of uniformly 
(specific activity 3.2 x 10° 


cpm per mg), dissolved in 30 ml of physiological saline, 


globin. 
labeled L-phenylalanine-C™ 1 


was injected through the needle and the syringe was 
washed three times with about 10 ml of saline from an 
attached infusion bottle. A constant saline infusion was 
started for 5 to 6 hours (the duration of the experi- 
ments), the total amounting to not more than 350 ml. 
Heparinized blood samples were taken at short inter- 
vals for 5.5 hours; in Patient K.H., for 48 hours. The 


1 Nuclear Chicago. This corporation claims that their 
L-phenylalanine-C™ has a radiochemical purity of 100 per 


cent, and a chromotographic and electrophoretic purity 
of about 99 per cent. 
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heparinized blood samples were centrifuged at 700 RCF 
for 10 minutes. In order to determine the radioactivity 
of the free t-phenylalanine in deproteinized plasma, 1.0 
ml of plasma was added to 2.0 ml of 10 g per 100 ml of 
an aqueous solution of trichloroacetic acid (TCA). 

The resulting precipitate was centrifuged at 1,400 RCF 
for 20 minutes and a duplicate 1.0 ml of the supernatant 
was plated on plastic planchets, 7.1 cm? in area, and dried 
at room temperature for counting. The samples were 
counted in a gas-flow end-window counter with a Micro- 
mil window and an efficiency of about 22 per cent. All 
values were corrected for background and self-absorption 
and given in counts per minute for 1.0 ml of plasma. 

The latter 
paper against time, and the resulting first straight line 
(i,).. This 


value was used to calculate the distribution volume by 


values were plotted on semilogarithmic 


was extrapolated to zero time zero time 
the formula: 
cpm injected 1) 


cpm per 1.0 ml protein-free plasma at fy 


The pool size of the free phenylalanine is the product of 
the distribution volume and the free phenylalanine plasma 
concentration in milliliters. 

The slope of the first straight line, so obtained, per 
mitted the estimation of the half-life time and the turn 
over time of the pool. The turnover time, as used here, 
is the reciprocal of the slope constant. The absolute turn- 
over rate is given by the quotient of milligrams of free 


The 


average concentration in 1.0 ml extravascular antipyrine 


phenylalanine pool to turnover time in minutes. 


space was derived from the following equation by Dost 
(24): 

amount injected — dplasma X Vptasma 

tine * 7 , 
J antip. ~~ V plasma 

where tissue = average apparent phenylalanine concentra- 
tion in cpm X ml"! extravascular antipyrine space at fo; 
cpm X ml"! 


plasma at to; Vptasma = Evans blue space in ml; Vantip. 


Aplasma = apparent phenylalanine level in 


= antipyrine space in ml; and the distribution quotient 
is given by: 
Atissue 
plasma 
Third day. 
out by injecting 5.0 ml of 0.5 per cent aqueous solution 
of Evans blue (Warner-Chilcott). 
Blood samples were taken at 10, 20, and 30 minutes, 


Plasma volume determinations were carried 


as well as before injecting the dye. The heparinized 
blood was centrifuged at 700 RCF and the clear, non 
hemolyzed supernatant was measured at 600 my in the 
Beckman DU spectrophotometer. 
densities were plotted on linear graph paper and extrap- 
olated to zero time. From the 
dilution of the dye was calculated. 

In Patient N.C. the plasma volume was estimated to 
be 1/22 of 
phenylalanine was carried out by means of an enzymatic 
method by La Du and Michael (25) ; 
was determined with the biuret technique (26). 


The resulting optical 


value so obtained the 


the body weight. Determination of free 


total plasma protein 
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RESULTS AND DISCUSSION 


The first part of the disappearance curve reflects 
the equilibration of the labeled phenylalanine 
among blood, extracellular space, and intracellular 
space of a multitude of compartments, as well as 
The 


term “turnover” as used here refers to all meta- 


the turnover of the labeled phenylalanine. 


bolic processes, including incorporation into pro- 
teins and excretion, but excluding the initial equi- 
libration. A first equilibrium of the isotope is 
reached in J.I., N.C., K.H.,, and K.H., between 
20 and 30 minutes, and in Patient R.S., with the 
high phenylalanine level of 47 mg per 100 ml 
plasma, at about 90 minutes (Figure 1); from 
there a straight line was obtained for some time 
during the course of the experiment. If we as- 
sume that at the beginning of this first straight 
line (the second part of the disappearance curve ) 
the equilibration processes have essentially come 
to an end, then the turnover of the labeled amino 
acid can be estimated solely from the first straight 
line. This assumption finds some support in 
comparing the antipyrine space and the phenyl- 
alanine space as derived from the extrapolation of 
the first straight line to zero time; both spaces 
are of the same order of magnitude. The quotient 
of phenylalanine space to antipyrine space varied 
from 0.80 to 1.53 with an average of 1.04. This 
indicates that probably no essential enrichment of 
vhenylalanine, if any, above plasma phenylalanine 
levels has taken place. However, it should be 
emphasized that the values for the phenylalanine 
space and the phenylalanine pool are only approxi- 
mations. This applies especially to Patients J.I 
and N.C. in whom the relatively rapid turnover 
and the large space of distribution, which requires 
significant time for equilibration of the radioactive 
phenylalanine (about 20 minutes), mean that the 
processes of mixing and turnover may proceed 
simultaneously at comparable rates. Since turn- 
over probably occurs only, or primarily, within 
cells, there is little turnover of labeled phenyl- 


alanine going on during the very first part of the 


2The term “first straight line” does not necessarily 
imply that a second straight line is following. It means 
only that this is the first part of the curve that appears 
as a straight line, and the rate of the corresponding proc- 
Possibly, 


the rate given by the first straight line represents the 


ess can be described as a first-order reaction. 


sum of several turnover rates. 
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plasma disappearance curve. Therefore, the ex- 
trapolation of the first straight line, which carries 
with it the implication that turnover is constant 
throughout the earlier part of the curve, must in- 
troduce some error in the phenylalanine space. 
This criticism is true of all slope-intercept meth- 
ods, but is serious only when turnover is rapid 
compared with the time required for mixing in 
the pool. We have calculated that the error does 
not exceed about 15 per cent for J.I. and 6 per 
cent for N.C. 
alanine pool in the intravascular plasma compart- 


The estimation of the free phenyl- 


ment is easy if the plasma volume is determined 
as Evans blue space. From there the flux in or 
out of the plasma compartment by turnover may 
be calculated from the equation : 
fluxXpiasma = V plasma XCplasma X F [4] 
where Cpiasma iS the concentration of free phenyl- 
alanine in milligrams per milliliter plasma and k 
the slope constant of the first straight line (k = 
1/t, = 0.693/t,). to 
be in fairly good agreement for this kind of ex- 
periment from one patient to the other—that is, 


All values are considered 


30 per cent from the average and given in Ta- 
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ble I as milligrams free phenylalanine leaving the 
intravascular compartment per minute or return 
ing to it. Strictly speaking, influx and efflux of 
the intravascular compartment are not equal, since 
the system under consideration is leaking; that 
is, some free phenylalanine is lost with the urine. 
However, for the first 6 hours the radioactivity 
excreted amounts to only 2 to 5 per cent of the 
total dose injected. A substantial part of it might 
have been excreted during the early phase of 
equilibration at a time when the specific activity 
of the free phenylalanine in plasma was relatively) 
high. Since we did not want to catheterize our 
patients, no early urine specimens were obtained 
for verification of this assumption. 

Maurer (17) likewise found no evidence for 
significant intracellular concentration of S*°-methi- 
onine in humans or rabbits, but the situation with 
respect to other amino acids might be quite dif- 
ferent (27). Noall, and Christensen and their 
co-workers have shown that the nonmetabolizable 
amino acid, a-aminoisobutyric acid is many-fold 
concentrated in human muscle (28) and in various 
rat tissues (29). In experiments similar to those 
described above in which a-aminoisebutyric acid 


TABLE I 


Summary of values obtained in the patients 


— 


Patient 


Age (yrs) 
Weight (kg) 
Height (cm) 
Plasma proteins (g/100 ml) 
Hemoglobin (g/100 ml blood) 
Hematocrit (%) 
Antipyrine space (ml X 10*) 
Evans blue space (ml X 10°) 
Free plasma phenylalanine (mg/100 ml) 
Phenylalanine injected (cpm X 105) 
Phenylalanine space (ml X 104) 
Free phenylalanine pool (mg X 10°) 
Absolute weight 
70 kg 
Distribution quotient* 
Half-life timet (mn) 
Turnover timet (min) 
Absolute turnover rate (mg phet XK min 
Absolute weight 
70 kg 
Fluxpiasma§ (mg phe X min) 
Absolute weight 
70 kg 
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was used instead of phenylalanine, evidence for an 
(average) extravascular concentration of at least 
two times that of plasma was obtained by us in 
one control and in two phenylketonuric patients. 
Under the assumption that the concentration of 
a-aminoisobutyric acid in the total extracellular 
space is the same as in the intravascular fluid, the 
concentration of a-aminoisobutyric acid within 
the cell is even higher. 

To obtain further information on the rapidity 
of equilibration processes, we have also studied 
the time required for labeled phenylalanine to be 
equilibrated in vivo between plasma and red cells 
in Patient K.H. when his plasma phenylalanine 
level was 10.5 mg per 100 ml. The distribution 
quotient between red cells and plasma was con- 
stant throughout the entire experiment—that is, 
between 5 and 300 minutes. Since equilibration 
between plasma and red cells was already com- 
plete before 5 minutes after the injection had 
elapsed, it might not seem unreasonable to assume 
that all equilibration processes of the labeled 
phenylalanine in J.I., N.C., and K.H. have essen- 
tially come to an end at about 25 minutes, when 
the first straight line starts. That the uptake of 
phenylalanine for protein synthesis is also fast will 
be demonstrated in a second paper (21). Thus, 
it will be shown that the appearance of a sig- 
nificant amount of labeled plasma proteins in the 
intravascular compartment can be demonstrated 
about 30 minutes after the injection of labeled 
phenylalanine. However, it cannot be excluded 
that some equilibration is still going on after the 
first straight line has begun. 

If our basic assumption is correct—that equili- 
bration is complete or nearly complete when the 
first straight line starts and a steady state exists 
in our patients—then the third component can be 
best explained by a new process that is showing 
up. The third component starts in J.I., N.C., and 
K.H., at an interval after zero time that is of the 
After 
this time, about two-thirds of the old molecules 


order of one turnover time or a little more. 


have left the free phenylalanine pool, or only about 
one-third of the old molecules remain. The return 
of a small fraction of labeled free phenylalanine 
from proteins or protein precursor pool to the free 
phenylalanine pool is, therefore, sufficient to cause 
significant deviation of the first straight line from 


its first-order rate. It could also be argued that 
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the appearance of the third component coincides 
with the end of mixing with slowly equilibrating 
compartments, which are overburdened with an 


It is note- 
worthy in this regard that the Evans blue space 


excessive load of free phenylalanine. 


is in a constant relationship with the calculated 
phenylalanine space—namely, 6 to 11 per cent of 
it—and that no correlation between plasma phenyl- 
alanine levels and phenylalanine space was ob- 
served. If some compartments become rate-limit- 
ing in the uptake or exchange of free phenyl- 
alanine, then it is likely that with increasing 
plasma phenylalanine concentrations the size of 
the phenylalanine space decreases, or the time 
of the intervals between injection of the labeled 
phenylalanine and the appearance of the first 
straight line increases, or both. Only the time- 
interval increase was valid in Patient R.S., with 
a plasma phenylalanine concentration of 47 mg 
per 100 ml, while in all the other patients having 
plasma phenylalanine levels of 2.3, 7.0, 10.5, and 
17.0 mg per 100 ml, the time of appearance of the 
first straight line was essentially the same. 

If our basic supposition is false, that equilibra- 
tion has essentially come to an end when the first 
straight line starts, then we have to assume that 
mixing processes are still going on until the third 
component appears. If the latter view is correct, 
we have to assume the existence of a dynamically 
more active and a dynamically less active body 
compartment, of which our first straight line seems 
to reflect the first metabolic glycine pool described 
by Arnstein and Neuberger (30) as well as by 
Watts and Crawhall (31). 
then, represents mainly the active body compart- 


The first straight line, 


ment deriving from the fact that dynamically more 
active organs, such as kidney and liver, have a 
predominant blood supply and, more likely there- 
fore, a faster equilibration. This is supported by 
the appearance of a significant amount of labeled 
The third 
component of the disappearance curve would have 


protein in the plasma at an early stage. 


to reflect complete equilibration between the dy- 
namically more active and the dynamically less 
active compartment. If this is so, the distribu- 
tion volume of the dynamically more active and 
less active compartments would have a larger free 
phenylalanine distribution volume than has the 
corresponding water space, indicating significant 


intracellular enrichment. Calculations from the 
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final slope of the third component could be used 
only for estimation of relative turnover rates, since 
the total phenylalanine pool would be too large, 
due to processes going on during the time of the 
first straight line. If this enlarged space were 
not taken into consideration, the calculated abso- 
lute turnover rates would be tremendously high; 
i.e., 5 and 9 times higher in J.I. and K.H., re- 
spectively, than those calculated from the first 
straight line. In addition, the final slopes possi- 
bly do not represent ultimate turnover rates only 
but also return of labeled material from the pro- 
teins or precursor pool, respectively. However, 
with the data at hand, we feel that the first hy- 
pothesis of complete, or nearly complete, equili- 
bration when the first straight line starts is the 
better model. 

All first 
straight line and the values so obtained are sum- 
Table I. 


the first straight line represents true turnover as 


calculations are derived from the 


marized in If our first model is correct, 


defined above. If the second model should prove 
correct, the first straight line gives only upper 
limits for metabolic turnover going on in the 
dynamically more active body compartment on 
account of additional unfinished equilibration proc- 
esses. The plotted curves do not permit a sound 
resolution into more components owing to the 
fact that the final slopes are subject to consider- 
able experimental error and, as in Patient N.C., 
were not observed over a longer period of time. 

Our data indicate that phenylalanine concentra- 
tions as found in the plasma of phenylketonuric 
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individuals are applicable for inhibition studies in 
tissue, since the concentration of this amino acid 
appears to be of the same order of magnitude in 
plasma and tissue. This discrepancy in Bickis and 
co-workers’ (12) in vitro and our in vivo experi- 
ments, as mentioned earlier, however, could not be 
resolved on this basis. Perhaps the rate of con- 
version from tyrosine to p-hydroxyphenylpyruvic 
acid was diminished in the im vitro studies, or 
tissue homogenates and slices per se react differ- 
ently to phenylalanine. 

The slopes of the first straight line correlate 
with the magnitude of the plasma phenylalanine 
levels; the higher these levels, the smaller the 
values for the slope constant, and since the slopes 
of those curves express the turnover time of the 
free phenylalanine pool, there must be a positive 
correlation between turnover times and phenyl- 
alanine pools. This correlation is illustrated by 
Figure 2, and the dependence of the correlation 
and free 


between plasma phenylalanine level 


phenylalanine pool is illustrated in Figure 3. 


SUMMARY 


Four patients suffering from phenylpyruvic 
oligophrenia were subjected to studies of distri- 
bution, pool size, and turnover rate of free phenyl- 


alanine. Our data were obtained from the dis- 


appearance curves of intravenously injected L- 


phenylalanine-C'*, The experiments indicate no 


substantial intracellular concentration, as derived 
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by comparing the phenylalanine space to anti- 
pyrine space. A positive correlation existed be- 
tween the free phenylalanine pool and its turnover 
time and of phenylalanine pool to plasma phenyl- 
alanine concentration. The free phenylalanine 
pool for normal individuals was estimated to be 
of the order of 1 g per 70 kg body weight. 
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In research related to human nutrition, it has 
become a tradition first to conduct extensive stud- 
ies On one or more species of experimental animal, 
and then to attempt to confirm the findings from 
these studies on relatively small groups of human 
beings. It is important that the animal species 
selected for study should closely resemble the hu- 
man being with respect to the absorption, metabo- 
lism, degradation, and excretion of the nutrient 
under study. The species acceptable for the study 
of one nutrient is not necessarily the species of 
choice for the study of a different nutrient. 

The rat and the dog have been used extensively 
in nutrition studies. 
tabolize many nutrients in a manner similar to 
that of human beings, but Wanner and co-work- 


These species appear to me- 


ers (1) presented preliminary data indicating that 
neither of these species is a satisfactory substitute 
for human beings in studies of calcium metabo- 


lism. They injected trace amounts of Ca*® in- 


travenously, and observed that the ratio of Ca* 
excretion in the urine and feces during the next 
5 days was 1: 22 in the rat, 1:10 in the dog, 2:1 
in the monkey, and 2:1 in the human being. It 
Harris, 
Maletskos and Benda (2) that the urine: feces 


has since been reported by Bronner, 
excretion ratios of six young human subjects 
ranged from 0.50: 1 to 3.2: 1 and averaged 1.9: 1. 
To our knowledge there are no other reports of 
similar studies on physiologically normal human 
subjects. Data obtained on patients with carci- 
noma, multiple myeloma, and thyroid disorders 
indicate that the excretion of Ca*® is disturbed in 
for the excretion 


situations, urine : feces 


these 


*A portion of this paper was presented at the Fifth 
International Congress on Nutrition, Washington, D. C., 
September 1, 1960. 
from The National Foundation, New 


This study was aided by grants 
York, N. Y. Con- 
tribution no. 431 from the Department of Nutrition, Food 
Science and 
Technology, Cambridge, Mass. 


Technology, Massachusetts Institute of 


+ Present address: Animal Nutrition 


Cornell University, Ithaca, N. Y. 


Laborat« ry, 


ratios ranged between 3:1 and 1:3 (3-6). In 
spite of these anomalies, the “endogenous” ex- 
cretion of calcium by normal human beings and 
normal monkeys appears to be similar, and quite 
unlike that by the dog and the rat. 

The data from studies of the calcium metabolism 
of 29 normal rhesus monkeys (Macaca mulatta) 
are being reported in this communication, and 
compared with the data from similar studies on 
human beings conducted by this (2, 7, 8) and by 
other (3-6, 9-16) laboratories. 


EXPERIMENTAL PROCEDURES 


All monkeys used in this research were received be- 
tween 1955 and 1959 from Okatie Farms,! N. C. On ar- 
rival they were placed in individual monkey cages (27 X 
27 X 30 inches) in an air-conditioned (78° F, 60 per cent 

designed for 
The body weights 
ranged between 1.8 and 4.9 kg, and all but 3 monkeys 


relative humidity) laboratory metabolic 


studies with radioactive isotopes. 


were male. The ages of these captive monkeys were not 
known. Van Wagenen and Catchpole (17) have sug- 
gested that a monkey’s age may be calculated from his 
body weight. On this basis these monkeys ranged be- 
tween 9 and 34 months, with 35 per cent of them just 
under 2 years old. 

During a short period of acclimatization and ob- 
servation, the monkeys were maintained on a nutritionally 
adequate diet 2 and distilled water ad libitum. All monk- 
eys were fasted overnight before each experiment. Each 
was then given Ca“Cl, by intravenous injection, by stom- 
ach tube with 200 or 400 mg (as CaCl,) in 
aqueous solution, or mixed in the diet after it had been 


calcium 


The National Foundation for the 
quarantine of imported monkeys until cleared of para- 
sites and infectious diseases. 

2 Composition of the maintenance diet (g/100 g): 44.0 


1 Maintained by 


farina (unenriched) ; 22.1 casein (Labco) ; 16.5 sucrose; 
10.0 corn oil (Mazola) ; 4.0 salt mixture iv. (18); 3.0 
Celluflour; 0.1 p-aminobenzoic acid; 0.1 inositol; 0.2 
choline chloride; 0.6 ml multivitamin (Vipenta, Roche) 
drops on alternate days (3 mg thiamine; 3 mg riboflavin ; 
3 mg d-pan- 
mg d,l-a-tocopherol 
USP U 


20 mg niacinamide; 1 mg_ pyridoxine; 
acid; 1 


5,000 


tothenol; 75 mg ascorbic 


acetate; 2 wg vitamin B,.; vitamin A; 


1,000 USP U vitamin D). 
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triturated with 120 to 200 mg calcium as the chloride. 
This labeled meal was offered for 30 minutes and the 
uneaten residue was analyzed for Ca“ and total Ca con- 
tent. Samples of blood, urine, and feces were collected 
at appropriate intervals, and analyzed for Ca® and total 
Ca content. After the dose, blood samples were generally 
collected after 0.25, 2, 4, and 6 hours; 1, 2, 3, 5, 7 days; 
and then weekly. Urine and feces samples were col- 
lected daily during the first 7 days, and then 48-hour 
samples were collected at weekly or biweekly intervals 
until the end of the experimental period. 

Twenty-five of the 29 monkeys used in this research 
were used in subsequent studies of the effects of polio- 
myelitis paralysis upon Ca* metabolism. Thus, only 4 
of the monkeys may be considered as normal control 
animals at the time of sacrifice. Three monkeys were 
used in 3 successive experiments in which each received 
the Ca* by intravenous injection, by stomach tube, and 
in a labeled meal. Several other monkeys were used in 
a second experiment after sufficient time had elapsed to 
permit the Ca® levels in the tissues to stabilize. 

At autopsy the gall bladder, heart, liver, kidneys, bone 
(radius, ulna, humerus, tibia, fibula, femur), and portions 


1.0 
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of gastrocnemius and biceps muscles were taken from 
each monkey for analysis. The dissected long bones 
were roentgenographed. 

Samples were analyzed for Ca“, total Ca, moisture, 
and ash content by the methods outlined by Bronner, and 
co-workers (8, 19). The data were statistically analyzed, 
when possible, by methods explained in Snedecor (20) ; 
SD in this paper refers to “standard deviation.” 

The monkeys usually defecated in the corners of the 
cages, and the stools were sufficiently firm to permit sep- 
arate collection with little opportunity for the leaching 
of calcium into the urine. 
rinsed 


The urine 
filter 


filtered and 
fe Tt «1 


was 


through coarse paper to remove 


particles. 
RESULTS AND DISCUSSION 
1. Blood serum data. The total serum calcium 
content of the 29 monkeys averaged 10.4 mg per 


100 ml. 


The specific activities * of the serum cal- 


3 Specific activity = % administered Ca® per mg total 
calcium in tissue or fluid. 
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cium samples reached maxima immediately after 
intravenous injection, approximately 60 minutes 
after stomach feeding, and 200 minutes after die- 
tary feeding of the Ca*® (Figures 1-3). In each 
case, the activities dropped at decreasing rates 
during subsequent hours. 

that ag 
from the intestinal tract when it was fed in the 


The observation less was absorbed 
diet than when given in aqueous solution by 
stomach tube conforms with the observation by 
Sharpe, Peacock, Cooke and Harris (21) that 
food solids interfere with the uptake of radioiron 
in children. Also, these data are in close agree- 
ment with data from similar studies in children, 
in which the specific activities reached a maximum 
of 0.6 within 15 minutes of intravenous injection, 
and a maximum of only 0.2 at 240 minutes after 


the ingestion of a labeled meal (7). Similarly, in 


ACTIVITIES OF SERUM, URINE AND FECES OF 
TUBE 


NORMAL 
FEEDING OF Ca“CL.. 


human adults (5) a maximal specific activity of 
0.12 was reached 15 minutes after injection, and 
a maximum of 0.04 was reached about 240 min 
utes after the ingestion of a labeled meal. Bauer, 
Carlsson and Lindquist (9) have suggested that 
the calcium of the body is contained in two frac- 
tions: a large relatively inert fraction (99 per 
cent) contained in the skeletal tissues, and a small 
amount (1 per cent) of readily exchangeable cal- 
cium. The serum specific activity data in Fig- 
ures 1-3 were used to calculate the exchangeable 
calcium and the rate of accretion of calcium per 
day by 24 monkeys by using the method proposed 
by Bauer and co-workers. The exchangeable cal- 
was found to be 1.19 g (SD 0.66) or 397 


mg per kg body weight in these monkeys. 


cium, FE, 
Jauer 


value of 0.782 g ex- 


and colleagues reported a g 


changeable calcium in an infant weighing 4.3 kg 
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Heaney and Whedon 


: (14) 


reported that the exchangeable calcium in adult 


(182 mg per kg). 


human beings was less than 100 mg per kg body 
weight. It appears that the amount of exchange- 
able calcium varies in relation to the size and age 
of the subject, being higher in the young child and 
monkey. 

The average accretion rate, A, was calculated 
to be 0.243 g (SD 0.03) calcium per day in these 
monkeys, nearly the same as the 0.281 g calcium 
per day which Bauer and associates calculated for 
the infant. The accretion rate in the monkeys was 
about one-tenth that reported by Bronner and 
Harris (7) for adolescent boys, but the average 
body weight of the boys was ten times greater 
than that of the monkeys. 

2. Urine data. The Ca** and the total calcium 
content of the urine recovered from the monkeys 
the three routes are 
Although 


which had received Ca*® by 
presented in Table I and Figures 1-3. 
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the day-to-day excretions of total calcium were 
varied, the specific activity data were not. As 
each experiment progressed, the specific activities 
of the urine and of the serum dropped at approxi 
mately parallel rates, when calculated according 
to the method of Krane, Brownell, Stanbury and 

i] 


Corrigan (5) and Bender (22). This is in agree- 


ment with data obtained by us on children (2) 
which indicated a parallelism between serum and 


The 


occurred during 


urine specific activity values during 28 days. 
peak urinary excretion of Ca* 
the first day, whatever the route of Ca*® adminis- 
tration, 

The total excretion of Ca*® in the urine during 
5 days after intravenous injection of the radioac- 
tive substance averaged 7.56 per cent (SD 7.73). 
This is in agreement with data obtained by us in 
similar experiments in children (2) wherein ado- 
lescent boys excreted 5.1 per cent of the intra- 


venously injected Ca*® within 5 days. The urinary 
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excretion data from monkeys are more in agree- 
ment with the values for adolescent boys than for 
adults (2, 13) who averaged between 13 and 20 
per cent excretion of Ca* in the urine during 5 
days. This may be taken as confirmatory evidence 
that the monkeys were immature. 

The total urinary excretions of Ca** during 5 
days by the three monkeys which had received the 
radioactivity successively by intravenous injection, 
stomach tube, and in the diet were 6.00 per cent 
(SD 4.15), 5.02 per cent (SD 4.51), and 5.28 
(SD 4.29), respectively. The 
nary excretion was significantly higher at the 5 


per cent uri- 
per cent level after intravenous injection than af- 
ter enteral feeding. This is a reflection of the re- 
duced rate at which the Ca* entered the blood 
stream due to incomplete uptake of the Ca*® after 
feeding by gastric tube and in the diet. 
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Urine Feces 
Route of otal Total 

Ca‘ Day Ca per a per 
adminis. collected day até day 
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23.06* 
7.88 
3.10 
1.32 
0.19 
0.16 


The significant positive correlation found be- 


tween body weight and urinary Ca*’ excretion 
may be a reflection of differences in the maturity 
of the bones of these adolescent monkeys. Bron- 
ner and Harris (7) observed that an adult man 
excreted nearly five times as much Ca** in the 
urine as a teen-aged boy during the 5 days after 
intravenous injection. The 5-day excretion of 
Ca*® and total calcium in the urine increased as 
This 
correlation was significant at the 5 per cent level. 
Similar results have been obtained with mature 
and aged rats [Hironaka, Draper and Kastelic 
(23, 24)]. In summarizing the literature on this 
subject, Harrison (25) presented a graph indi- 


the estimated age of the monkeys increased. 


cating an inverse correlation between age and 
calcium absorption. 
After the injection of Ca**, the specific activity 
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of the serum averaged higher than that of the 


urine (Figure 1).4 This observation is in ac- 


cord with the results of Bronner, Benda, Harris 
and Kreplick (19) who worked with children and 
with a young man. It agrees in general with the 
finding of Dow and Stanbury (4), who reported 
consistently higher specific activity in the urines 
of patients with thyroid and parathyroid disorders, 
osteoporosis, and Paget’s disease. 

Lower specific activities were observed in the 
sera than in the urine of those monkeys which had 
received the Ca* by gastric intubation or in the 
diet. 

If the data of Day 1 and Day 7 are assumed to 
be typical, it is to be noted that the specific ac- 
tivities of the sera were significantly higher (1 
per cent level) in those monkeys which received 
the Ca*’ intravenously rather than enterally. No 
significant differences were found in the specific 
activities of the urines. 

3. Feces data, The data on the amounts of 
Ca*® and of total Ca excreted in the feces of the 
three groups of experiments are presented in 
Table I and Figures 1-3. Although the daily ex- 
cretions of calcium were quite variable, the spe- 
After in- 
travenous injection the peak excretion of Ca*® oc- 


cific activities were rather constant. 


curred in 17 of 29 trials on Day 1, in 10 trials on 
Day 2, 
After the gastric intubation, the peak occurred 


and in 1 trial each on Days 3 and 4. 


on the first day in one trial and on the second day 
in two of the three trials. Similarly, after the in- 
gestion of Ca*® in the diet, the peak excretion oc- 
curred on Day 1 in five of six trials, and on Day 
2 in the remaining trial. These differences are 
mainly due to the diet ingested, the peristaltic ac- 
tivity of the intestinal tract, and the frequency of 
defecation. The passage of Ca*® through the in- 
testinal tract appears to have been more rapid 
in these monkeys than in the human being (2). 
The results of 29 trials on 27 monkeys which 
received Ca*® intravenously indicate that the av- 
erage fecal excretion during 5 days totaled 3.70 
per cent (SD 1.76) of the injected dose. Similar 
data have been reported in studies of adolescent 
boys who excreted 2.5 per cent of the injected 


dose, and of one young adult male who excreted 


+The apparent exception in the Day 1 values is not 
real, since Fisher’s F test showed them not be be sig- 
nificantly different. 
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6.8 per cent of the injected dose, within 5 days 
(7). 

The three monkeys receiving Ca*® by the three 
routes in successive experiments excreted 3.09 
per cent (SD 0.58), 35.36 per cent (SD 22.13), 
and 28.43 per cent (SD 9.50) of the administered 
Ca*® in the feces during 5 days after intravenous 
injection, stomach tube feeding, and dietary in- 
last 
The 


gested Ca‘? in monkeys are in 


gestion, respectively. The two values are 


not significantly different. results with in- 
agreement with 
data obtained in 18 trials on nine adolescent boys, 
which showed that 24 to 47 per cent of the ingested 
Ca*’ was excreted in the feces in 5 days (7). It 
may be concluded that the high fecal excretion of 
Ca*® after enteral feeding is due mainly to poor 
absorption 

The average daily excretion of total calcium in 
the feces after the intravenous injection of Ca* 
increased with the estimated age of the monkey. 
This correlation was significant at the 1 per cent 
level. The total Ca*® excretion during the first 5 
days also increased significantly (at the 1 per 
cent level) with the age and weight of the monkey. 

Relatively small amounts of Ca*® were excreted 
in the feces when it was administered intrave- 
nously, and this excretion occurred mostly dur- 
ing the first few days (Table 1). The serum data 
in Figures 1 to 3 indicate that most of the Ca*® 
taken either intravenously or enterally entered the 
calcium depots within 1 week. Bronner and co- 
workers (8) have suggested that studies of the 
uptake, retention, and excretion of Ca*® adminis- 
tered by various routes and in various carriers 
may be completed within 10 days. 

The proportion of the Ca*® that was recovered 
in the feces during 5 days after enteral adminis- 
tration can be used as a measure of the efficiency 
of Ca*® uptake. 
Ca*® represents radioactivity that was absorbed 


A small portion of the excreted 
and later re-excreted as “endogenous” calcium. 
The correction for this endogenous Ca*® excre- 
tion by monkeys during 5 days is about 3 per 
cent. Thus the true uptake of Ca*® after ingestion 
in the diet was about 75 per cent. This result is 
similar to that reported by Bronner and Harris 
(7) for boys whose uptake varied between 55 and 
78 per cent. Blau, Spencer, Swernov and Laszlo 
(11) reported somewhat lower values of 44 and 
67 per cent in two adult patients with carcinoma. 
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Since approximately 35 per cent of the Ca* 
administered to the monkeys by stomach tube was 
excreted in the feces, the total uptake was only 
about 68 per cent. This lower uptake may be a 


reflection of the emotional stress observed in 
these monkeys during intubation, and which Malm 
(26) considered to be a factor in human subjects. 
The 


data on the excretion of Ca* in the urine and 


#, Urine : feces ratios of Ca* excretion. 
feces of the 29 monkeys after administration of 
the Ca*® by intravenous injection reveal that an 
average of twice as much Ca*® was excreted in 
the urine as in the feces during the first 5 days. 
The same trend continued throughout the experi- 
mental period. Thus, the urine: feces ratio of Ca*® 


excretion is 2: 


1 in monkeys, confirming the pre- 
liminary report based on only three monkeys (1). 
The results of these studies in comparison with 
similar studies on children, adults, rats, and dogs 
Table II. 
these laboratories indicate that the urine: feces ra- 
por <2). Sa- 


tio in the human is 2:1 
machson and Laszlo (6) reported that the aver- 


are summarized in Analyses made in 


Spencer, Li, 


age urine: feces ratio of 5 human females with car- 
cinoma was 2:1, Anderson, Emery, McAlister and 
Osborn (3), reporting therapeutic treatment of a 
patient with multiple myeloma, gave values which 
indicate that the urine: feces ratio was about 2.2: 1. 
Bellin and Laszlo (10) gave Ca** to two patients 
After 7 weeks the average urine: 


1.4:1. 


with carcinoma. 


feces ratio was These values resemble 


TABLI 
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those found in normal children and adults (1) 
but are not like the data reported by Dow and 
Stanbury (4) from patients who had previously 
had thyroid disorders but were considered to be 
euthyroid at the time of study; their urine: feces 
ratios were much lower, and ranged between 0.6: 
1 and 0.3: 1. 
the calcium excretions of four patients and ob- 


Krane and colleagues (5) studied 


served the following urine: feces excretion ratios: 
one patient with Friedrich’s ataxia, 1.5:1; one 
patient with coronary disease, 0.90:1; and two 
patients with treated thyroid disorders, who were 


considered normal, 1.2: 1. 


Since these calcium 
excretion ratios by patients are quite different 
from the ratios of normal subjects, it may be con- 
cluded that their disorders had produced disturb 
ances in calcium metabolism. 

Thus, the monkey resembles the normal human 
being in relation to the ratios of calcium excreted 
by the urinary and fecal routes. The rat and the 
dog are strikingly different in this respect. 

5. Tissue data. Four of our monkeys were au- 
topsied and selected tissues were analyzed. The 


Table III. The 


radioactivity data are not alike, since the monkeys 


tissue data are summarized in 


received different amounts of radioactivity at dif- 
ferent times before sacrifice. The specific activi- 
ties of the soft tissues were not significantly dif- 
ferent within each experiment, indicating that the 
ta” 


same; this also was true of the various bones. 


turnover rates of these tissues were the 


II 


Species differences in the excretion of intravenously injected Ca‘ 


Subjects Condition 


2-15 : Normal 
1 Normal 
adult Multiple myeloma 
65 Euthyroid 
38 Euthyroid 
26 Friedrich’s ataxia 
50 Coronary disease 
: 42 Euthyroid 
: 39 Euthyroid 
° 59 Carcinoma 
° 52-56 Carcinoma 


1 
2 


Monkey 9-34 mo. 
Dog adult 
Rat 120 days 
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TABLE TI 


Ash, Ca and total Ca of tissues from Jour normal monkeys after intravenous injection of Ca‘ 


Ash weight Total Ca Cas, % total dose © Cat dose/mg Cat 


Tissue Expt. B Expt. C Expt. B Expt. C Expt. B Expt. C Expt. B Expt. C 


ri oF 


0.0033 0.0010 
0.0050 0.0023 
0.0267 0.0046 
0.0026 0.0007 
0.0010 
0.0012 


g F mg 
0.176 0.71 
0.184 1.10 
1.348 5.48 
0.048 0.66 


mg 
0.73 
1.06 
3.69 
0.61 
0.78 
0.91 


0.0014 
0.0022 
0.0012 
0.0012 
0.0013 
0.0013 


0.0046 
0.0046 
0.0049 
0.0039 


Heart 

Kidney 

Liver 

Gall bladder 

Biceps muscle 

Gastrocnemius 
muscle 


0.295 1.29 0.0061 0.0047 


1 


1692 0.0032 0.0018 
0.0015 
0.0017 
0.0015 
0.0014 


0.0010 


1762 
946 
762 

2972 

1890 


397 


Humerus 4.59 5.46 
Ulna 
Radius 
Femur 
Tibia 


Cows 


0.0034 
0.0031 


2488 
1584 


8.41 
$.92 


6.60 
4.42 


00 NS 00 HH tn 
See 


~~ 


Fibula 


Serum (at autopsy) 


0.0050 0.0010 


* Monkeys in Experiment B received Ca** at 120 days and again at 3 weeks before sacrifice; those in Experiment C 


received one injection 13 weeks before sacrifice. 
Tt Specific activity = 


xperiment B involved two monkeys which had 
received 170 pe Ca* at 120 days and 133 pe Ca* 
at 16 days before sacrifice. The specific activities 
of the bones were significantly (1 per cent level) 
This 


difference may be a reflection of a slower uptake 


lower than the soft tissues and the sera. 


of the recently injected Ca*® by the bones. 
Experiment C was concerned with two monkeys 
which had received 160 pe Cat? 13 weeks before 
sacrifice. The specific activity of the serum was 
The 


specific activities of the soft tissues were sig- 


lower than that of the bones and soft tissues. 


nificantly (5 per cent level) lower than those of 
the bones, indicating that once the bones had taken 
up the radioactivity they released it more slowly 
than did the soft tissues. The conclusion that 
there is a difference in Ca*® turnover rates of the 
hard and soft tissues is in agreement with data 
reported by Bronner and co-workers (19) from a 
study of a child with gargoylism. 


SUMMARY AND CONCLUSIONS 


The metabolism of Ca** studied in 29 


rhesus monkeys (26 male, 3 female) maintained 
The Ca**® was 


Was 


on a nutritionally adequate diet. 
administered by intravenous injection, by gastric 
intubation, and in the diet. Samples of blood 


serum, urine, and feces were collected at intervals 


% administered Ca*®/mg total calcium 


and analyzed for total Ca and Ca* content. Sam- 
ples of soft and hard tissues were taken at autopsy 
and analyzed for Ca*’, total calcium and ash con- 
tent. 

Serum Ca* activity reached a maximum within 
15 minutes after intravenous injection, 60 minutes 
after gastric intubation, and 200 minutes after in- 
gestion in the diet. 

The average amount of the more readily ex- 
changeable fraction of body calcium was calcu- 
lated to be 1.19 g per monkey. The accretion rate 
averaged 0.243 g of calcium per monkey per day. 

The excretions of Ca*® during 5 days after in- 
travenous injection, gastric intubation, and in- 
gestion in the diet were, respectively: 7.6, 5 and 
5.3 per cent in the urine; and 3.7, 35 and 28 per 
cent in the feces. 

The data on the appearance and disappearance 
rates of Ca*® in the sera, the amounts of exchange- 
Ca" 
urine and feces, and the urine: feces ratios of Ca*® 


able calcium, the amounts of excreted in 
excretion reported in this study of 29 monkeys are 
in close agreement with data previously obtained 


in similar studies on 65 children. They are in 


disagreement with data from studies on rats and 


dogs. The evidence indicates that the monkey is 
the best substitute for the human being in studies 
of calcium metabolism. 
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Three methods are in current use for measur- 
ing the diffusing capacity of the lungs for carbon 
monoxide (DL). Two of these are steady state 
methods, and they differ in the methods used to 
calculate the mean alveolar carbon monoxide ten- 
Filley, MacIntosh and Wright (1) calcu- 
late the alveolar Pco indirectly, assuming the 


sion. 


physiological dead space for carbon dioxide to be 
the same as that for carbon monoxide, while Bates, 
Boucot and Dormer (2) use the end-tidal Pco as 
the mean alveolar Pco. The third method is the 
single breath method of Krogh and Krogh (3) 
as modified by Ogilvie, Forster, Blakemore and 
Morton (4). 


the total resistance to gas diffusion offered by 


Each method in theory measures 


the structures that lie between the gas in the 
alveoli and the hemoglobin within the red cells 
of the pulmonary capillaries. The results ob- 
tained by each method differ in normal subjects; 
and in disease states, such as emphysema, the 
differences may be great. While the different 
results obtained in similar subjects by the two 
steady state methods can largely be explained by 
the different methods of estimating the mean 
alveolar Pco (5), the breath-holding method con- 
sistently gives higher results than either of the 
Marshall (7) has re- 


steady state methods (6). 
cently compared the breath-holding method of 


measuring Di with a steady state method, using 
end-tidal samples in a small group of normal sub- 
jects and patients with emphysema. He found 
that, while in normal subjects the end-tidal sam- 
ple satisfactorily reflected the mean alveolar Pco, 
in emphysema with impaired intrapulmonary gas 
mixing, the end-tidal sample overestimates the 
mean alveolar Pco and therefore gives falsely low 


results for the diffusing capacity. These results 


* Cattlin and Cooper Research Scholar, St. Bartholo- 
mew’s Hospital. 

+ Present address: Nuffield Department of Surgery, 
Radcliffe Infirmary, Oxford. 


throw doubt on the validity of the end-tidal steady 
state method of measuring diffusing capacity in 
subjects with other cardiopulmonary diseases who 
also have impaired pulmonary gas mixing. 

The present study was made 1) to compare 
the single breath and steady state methods in a 
large group of subjects with widely varying intra- 
pulmonary gas mixing; and 2) since abnormali- 
ties of intrapulmonary gas mixing cannot explain 
the differences that occur between the two meth- 
ods in normal subjects, a study was made of the 
variations in the type of breathing which might 
influence the results of the steady state method 
in normal subjects. 


METHODS 


The steady state method used was that of Bates and 


co-workers (2) but the apparatus was modified in a 


number of details. The valve assembly consisted of single 
inspiratory and expiratory valves set in 2.5 cm-bore 


metal tubing in order to reduce the dead space and 
allow end-tidal samples to be obtained with smaller tidal 
volumes than were possible with the original apparatus. 
An automatic end-tidal sampler, triggered by a change 
in pressure at the mouthpiece, snatched a 35 ml sample 
at the end of each breath. During the test the subject 
breathed 0.125 per cent carbon monoxide in air; 1.5 min- 
utes was allowed for the subject to reach a steady state 
and the expired gas was collected for a further 2 minutes 
during which time end-tidal samples were taken. The 
CO concentration in the inspired, mixed expired and 
end-tidal samples was measured by an infrared analyzer. 
Oxygen and carbon dioxide in the expired gas were 
measured by the Haldane method. 

The pulmonary capillary carbon monoxide tension can- 
not be ignored in the steady state method. Subjects with 
a normal or high diffusing capacity have a considerable 
increase in blood carbon monoxide during the test, and 
unless this is allowed for, it may lower the calculated 
Non- 
smokers were assumed to have a negligible level of blood 
CO initially, and measurements of the pulmonary capil- 
lary blood CO tension were made only after the tests. 
both before 


method of 


diffusing capacity by as much as 20 per cent (8). 


In smokers the measurements made 


We used a modification of the 


were 
and after. 
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Sjostrand (9) which has been deseribed elsewhere (10). 
The subject breathed oxygen for 3 minutes from an open 
circuit to out the from the lungs. He 
then took a deep breath in and exhaled through a soda 


wash nitrogen 


which he 
the 


lime canister into an rubber bag from 
rebreathed for a further 
bag was then analyzed for carbon dioxide, oxygen and 
carbon monoxide. The 


blood, at the oxygen tension in the lungs during the 


empty 
3 minutes. The content of 
carbon monoxide tension of the 


test, was then calculated from the carbon monoxide and 
oxygen tensions in the rebreathing bag by the method 
described by Forster and co-workers (11). The steady 
state Di is calculated from the equation: 
— ml CO taken up in 1 minute 
(ETco PBco) X (B 47 


where ETco is the fraction of CO in the end-tidal sam- 
ple, B is the atmospheric pressure in mm Hg, and PBco 
is the calculated fraction of CO in equilibrium with the 
pulmonary capillary blood; CO% in equilibrated 
bag X calculated end-tidal O.%/O.% in equilibrated bag. 


i.€., 


The measurements on patients at rest, for reasons ex- 
plained below, were made with the patient hyperventi- 
lating to maintain a tidal volume of at least 600 ml 
(STPD) and a respiratory rate of over 12 per minute. 
Subjects with tidal volumes or respiratory rates below 
these limits the 
ments were made on exercise with the subjects walking 


were excluded from series. Measure- 
on a motor-driven treadmill at a speed to cause moderate 
dyspnea. 


The 
Ogilvie and colleagues (4). 


method used was that described by 


An inspired mixture con 


single breath 
taining 14 per cent helium, 0.125 per cent carbon monox- 
ide, 20 per cent oxygen and the remainder nitrogen was 
used. The back pressure of CO in the blood was calcu- 
lated as for the steady state method. Two estimations 
of Di 


and the mean of the two results taken. 


were made, with a few minutes between each, 


Lung volumes and intrapulmonary gas mixing were 
the 


described by 


with 
(12). 


mixing efficiency index by this 


measured by helium closed-circuit technique 


the apparatus Bates and Christie 
The normal limits of the 
method are considered to be 50 to 100 per cent. 
The normal subjects were 
medical students and laboratory staff. All patients at- 
the tests 


during the period of the study are included in the series; 


Subjects 


and procedure. 


tending laboratory for pulmonary function 
16 normal subjects and 125 patients with cardiopulmonary 
disease were studied. The order of investigation follows: 
1) the lung volumes and intrapulmonary gas mixing were 
the blood 


two estimations of the single 


measured; 2) the basal level of CO in was 


measured in smokers; 3) 
breath Di were made; 4) the CO in the blood was again 
measured; 5) the steady state Di was measured at rest 
(during this estimation the tidal volume was recorded 
by a low resistance dry-gas meter on the inspiratory side 
of the circuit so that tidal volume was immediately read 
off and the patient was encouraged to increase his tidal 


volume to about one-third of his vital capacity); 6) the 
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steady state DL was measured during exercise; 7) the 
CO in the blood was again measured. 

The steady state Dt was also measured in 3 normal 
subjects at varying tidal volumes both at rest and on 
exercise and in 4 of the subjects at varying respiratory 
All volumes are recorded at STPD. 


rates at rest. 


RESULTS 


The relationship of steady state DL, ventilation. 
and exercise in normal subjects. The steady state 
Dt was measured in three normal subjects who 
breathed at a fixed rate of 12 breaths per minute 
to a metronome and varied their tidal volumes. 
The results in all three subjects were similar, 
and detailed results in Subject GHA at rest are 


shown in Figure 1. In this subject the steady 


State DL 
n/mm. Hg 
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Fic. 1. EFFECT OF TIDAL VOLUME ON STEADY STATE DL, 
END-TIDAL CO%, CO vuptAKE; Suspyect GHA. 
Steady state Di measured at a constant respiratory rate 
The lower 


AND 


of 12 per minute and varying tidal volume. 
graph shows the steady rise in the volume of CO taken 
up as the tidal The middle graph 
shows the rise of end-tidal CO as the tidal volume de- 
The rise in CO% at low 


volume increases. 
tidal volumes is due 
to contamination with dead space gas (CO% of dead 
space = inspired CO% = 0.125% CO). The quotient of 
these two, the steady state Dri, shows a rapid rise until 
a tidal volume of about 1 L is reached and after that a 


creases. 


slowly rising plateau. 
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THE EFFECT OF TIDAL VOLUME ON STEADY STATE 
REST EXERCISE; Supyect GHA. 
Steady state Dri at rest and during steady exercise (3 


Fic. 2. 


Dt, AT AND DURING 


mph) on treadmill. The subject was breathing at a 


steady 12 breaths per minute and varying tidal volume. 


state Di rose rapidly to reach 15 ml per minute 
per mm Hg at a tidal volume of 600 ml; there- 
after there was a more gradual rise in Di as the 
alveolar ventilation increased, and at a tidal vol- 
ume of 3,700 ml the Di was 23 ml per minute per 
mm Hg. The volume of CO taken up per minute 
increased from 2 ml per minute when the tidal 
volume was a few hundred ml to about 9 ml per 
minute at the greatest tidal volume. The increase 
in end-tidal CO per cent and the fall in Dr at 
low tidal volumes are due to contamination of the 
end-tidal sample with dead space carbon monox- 


ide. From the results of these experiments it 
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was concluded that a tidal voiume of 600 ml was 
the minimum necessary for end-tidal sampling, 
and the steady state Di varied with the alveolar 
volume or alveolar ventilation at which it was 
measured. 

A similar rise of Di with increasing tidal vol- 
ume was also found during exercise. Two sub- 
jects exercised at a steady speed of 3 mph and 
again breathed to a metronome at 12 breaths per 
minute. The results in two subjects (GHA and 
RM) were very similar and Figure 2 shows the 
results in Subject GHA. 
tidal volume at this respiratory rate was about 
05: L The 


difference between Dri measured during quiet 


The most comfortable 


at rest and about 2 L on exercise. 
breathing at rest (Dit = 15 ml/min/mm Hg with 
a tidal OL) that 
(Di Hg with a tidal 
of 2.0 L) is 12 ml per minute per mm Hg. 


volume of and on exercise 
volume 
Of 


this increase, 5 ml per minute per mm Hg can 


= 27 ml/min/mm 


be produced at rest by increasing the tidal volume 
to 2.0 L; the other 7 ml per minute per mm Hg 
is presumably the result of exercise. 

In a second series of experiments nine normal 
subjects were examined, and both the steady state 
The steady state 


‘ 


and single breath Di measured. 

Di was measured at rest during “quiet” breath- 
ing, during hyperventilation at the same respira- 
tory rate (11 per minute) and during exercise. 


The 


Was 


tidal volume during the “quiet” respiration 
at least 600 ml, and during hyperventilation 
it was as deep as possible. During exercise the 


subject breathed at his most comfortable rate and 


TABLE I 


Comparison of steady state DL measured during quiet breathing and hyperventilation with single breath DL in 
9 normal subjects all breathing at rest to a metronome set at 11 breaths per minute * 


A, Quiet breathing 
Single — 
Vital breath 
apacity Dr VI 


: Resp. 
Subject rate Di 


? 
mi 


4,300 
3,468 
5,730 
5,875 
3,275 
3,500 
2,900 
4,500 


bat ea fet bed ed) ben fem 


figures .220 33.5 


* SA =surface area in square meters; 
hyperventilation at rest; C =during exercise. 


Vr =tidal volume in ml; resp. rate =respiratory rate; 
All volumes measured STPD 


Steady state D1 Fraction 


Steady state D1 
B. Hyperventilation 
. Single breath D 
Resp. 


VI D1 Speed 4 rate \ B 


0.84 
31.4 0.78 
42.6 0.91 
34.0 1.42 

1,540 46.0 0.58 0.96 
757 : 25.4 0.84 
1,520 35.7 0.99 
1,420 37.0 1.13 
1,382 43.6 0.95 


29.0 
24.0 
33.0 


1,060 
1,045 

760 
1,705 


32.6 


0.64 


0.55 


510 
,500 
,738 
,995 
3,450 
,880 
918 
921 
,766 


wWrrr uw 
NENT aan) 
et OO 


-OWMNIS 


2,330 10.7 32.0 1,243 16 36.5 0.95 


A =during quiet breathing at rest; 
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TABLE II 


The effect of increase in respiratory rate at constant tidal volume on steady state DL 


Tidal Minute Steady 
Respirations volume volume state DL 


vate/min ml ml CO/min/ 
mm Hg 
10 865 : 22.0 
20.6 850 
26.3 850 


9.5 ,150 
500 
060 


,290 
,170 
,270 


,100 


,270 


,260 


tidal volume. The results of the experiments are state Di was 70 per cent of the mean single breath 


Table I. A rise in the steady state DL Dt, while during hyperventilation at the same 
respiratory rate the steady state Di. was 95 per 
cent of the single breath Di. The steady state 


shown in 
occurred in all subjects during hyperventilation, 
and during hyperventilation the steady state Di 
and the single breath Di became approximately 
equal. During quiet breathing the mean steady 


@ Potients 


x Norma! Subjects 


Breath DL (Resting) 


(m1.CO/min/mmtg) 


Breath OL (Resting) 
Single 


(mi.CO/min/mm tg) 


Single 








1s 20 25 30 35 40 
Steady Stote DL (Resting) 
(mi.CO/ min. /mmHq) 





is 20. ~«25 30. «2035 

Steody Stote OL (Resting) Fic. 4. SvTeapy STATE DL PLOTTED AGAINST SINGLE 

(mt CO/min. /m mg) BREATH DL IN PATIENTS WITH IMPAIRED MIXING BUT 

Fic. 3. SreApy sTATE DL PLOTTED AGAINST SINGLE EXCLUDING THOSE WITH EMPHYSEMA. The line indicat- 
BREATH DL IN SUBJECTS WITH NORMAL INTRAPULMONARY ing the 75% relationship which exists in normal subjects 


GAS MIXING. Mean relationship 75%. is shown for comparison. 
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The relationship between steady state DL and single breath DL in subjects with a normal mixing efficiency, 
patients with impaired mixing but no emphysema, and patients with emphysema 


Helium 

mixing 
index 

within 
range 


Group Subjects 


or ri 


50-100 


no. / 
Normal subjects 16 83 
Patients with normal 
mixing 74 50-100 
Patients with impaired 
mixing but no evidence 0 
of emphysema 


49 


Emphysema 0-49 


Dit on exercise was higher than during hyper- 
ventilation at rest in all but one case. 

In four subjects the steady state DL was meas- 
ured at a steady tidal volume and varying res- 
piratory rates. The diffusing capacity was not 
related to the rate of breathing or the minute 
volume. The results are summarized in Table IT. 

A comparison of steady state and single breath 
methods in patients with cardiac or pulmonary 
disease. The 125 patients and 16 normal sub- 
jects were divided into three groups. 

Group 1, subjects with a mixing efficiency of 50 
per cent or more: 16 normal subjects and 74 
patients. 

Group 2, subjects, excluding those with chronic 
obstructive emphysema, whose mixing efficiency 
was below 50 per cent : 26 patients. 

Group 3, subjects with a clinical diagnosis of 
chronic obstructive emphysema: 25 patients, all 
with a mixing efficiency of less than 50 per cent. 

The details of the composition of each group 
and the mean figure for intrapulmonary gas mix- 
ing are shown in Table III, together with the 
mean oxygen consumption at rest and during 
exercise, and also the rate of exercise. Groups 
1 and 2 were largely composed of patients with 
rheumatic heart disease, congenital heart disease 
and sarcoidosis but included some patients with 
thyrotoxicosis and some with asthma. The lowest 
Dv’s were recorded in patients with emphysema 
or with alveolar-capillary block syndrome (13) 
due to sarcoidosis, metastatic carcinoma or idi- 
opathic pulmonary fibrosis, The highest figures 
were obtained in patients with congenital heart 


Mean 
helium 
mixing 


Fraction 
Steady state DL Mean 
oxygen 
consumption 
during 


exercise 


Mean 
rate of 
exercise 


Single breath DL 


Exercise 


Resting 


m/min 


1,050 


mph 
2.9 
2.0 913 


0.66 766 


0.34 714 


disease with increased pulmonary blood flow. 
Most of 
with left to right shunts. 
group 3 suffered from chronic obstructive emphy- 


these patients had atrial septal defects 
All the patients in 
sema. The diagnosis was made on the clinical 
and radiological findings before they were referred 
for respiratory function studies. 


DL (Resting) 


(mi. CO/min/mm.Hq) 


Breath 


Single 








is 20 25 30 35 40 


Steady State OL (Resting) 


(mi. CO/min /m meg) 


Di 
WITH 


AGAINST SINGLE 
The 


relationship which exists in normal 


STEADY STATE PLOTTED 


EMPHYSEMA. 


Fic. 5. 
BREATH DL 
indicating the 75% 
subjects is shown for comparison. 


IN SUBJECTS line 
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The single breath Di. was plotted against the 
state D1 
the results at rest are shown in Figures 3, 4 and 5, 
The 


separately in each group, and 


steady 


and during exercise in Figures 6 and 7. 
scale is identical in each case. The relationship 
between the two measurements of DL was calcu- 
lated by the method of least squares. Figure 3 
shows the results in group 1, which was composed 
of all subjects with normal intrapulmonary gas 
mixing. The steady state figure was 78 per cent 
of the single breath figure for the group of 16 
normal subjects, and 74 per cent for the 74 pa 
tients with normal intrapulmonary gas mixing. 
The mean figure for the whole group was 75 per 
cent. In group 2, which includes all patients 
with impaired intrapulmonary gas mixing, but 
with no clinical evidence of emphysema, the mean 
steady state Dit was 66 per cent of the single 
breath Dr (Figure 4). 

The mean pulmonary gas mixing index of 
group 3 (29 per cent) is comparable with that 
of group 2 (36 per cent), but in group 3 the 
single breath and steady state methods give re- 
sults that bear no relationship to each other ( Fig- 
ure 5). All the patients with emphysema showed 
a steady state Di below 10 ml per minute per 
mm Hg, while the corresponding single breath Di 
varies between 3 and 42 ml per minute per mm 
Hg. 


physema have a steady state Di below 10 ml per 


The finding that patients with clinical em- 


minute per mm Hg is in agreement with the re- 
sates, Knott and Christie (14) who used 
the same method. 


sults of 


DISCUSSION 


A rise in steady state DL was found when nor- 
line 
Ross, Frayser and 


mal subjects hyperventilated. This is in 
with previous reported work. 
Hickam (15) 


Fishman (16) using the Filley method, and Mac- 


and Turino, Brandfonbrener and 
Namara, Prime and Sinclair (17) using the Bates 
method of measuring the steady state DL, all found 
a rise in Di when subjects hyperventilated. In 
this series, when normal subjects hyperventilated 
by progressively increasing their tidal volume 
while keeping the respiratory rate unchanged, a 
progressive rise in Dt occurred (Figure 1); but 
when the subjects hyperventilated by progressively 
increasing the respiratory rate while keeping the 
tidal volume steady, no rise in Dr occurred (Table 


AND R. MARSHALL 


Breath OL Resting) 
miCO/ min /mmig) 


« 


Sing 





~ 20 2s 30 35 
Steady Stote OL (Exercise) 
(miCO / min /mm Hg) 
PLOTTED 
Mean 
The graph contains all subjects except 


STATE DL DURING EXERCISE 


READING. 


Fic. 6. STEADY 
AGAINST THE 


relationship 94% 


RESTING SINGLE BREATH 


those with emphysema. 


Il). This suggests that the Di varies with the 
alveolar volume at which it is measured rather 
than with the alveolar ventilation. 

There seems little doubt that Di measured by 
the single breath method also varies with the 
alveolar volume. Although Ogilvie and colleagues 
(4) 
volumes, Marks, Cugell, Cadigan and Gaensler 
(6) and Shephard (18) found Dt at full inspira- 


found Dt varied little at different alveolar 


tion to be up to 50 per cent greater than DL 
measured at the functional residual capacity, while 
McGrath and Thomson (19), under similar cir- 
cumstances, found a mean increase in Di of 31 
per cent in eight normal subjects. In a previous 
study Marshall (7) measured the single breath 
Di at varying alveolar volumes and showed that 
Dt decreased in such a way that, when the breath 
was held at the functional residual volume, the 
single breath Di became approximately equal to 
the steady state Di using end-tidal samples. 

In this series there was good agreement between 
the resting steady state DL measured at maximal 
tidal volume and the resting single breath Dr 
(Table I). 


fundamental difference between the two methods 


These findings suggest that there is no 


in normal subjects. The increase in Di on hyper- 
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ventilation may be due to an increase in the pul- 
monary capillary blood volume in association with 


an increased alveolar gas volume and, therefore, 
a larger blood gas interface. This suggests that 
the resting single breath DL measured at maximal 
inspiration and the resting steady state DL meas- 
ured on maximal hyperventilation are equal, and 
both reflect the maximal diffusing capacity of the 
lungs for carbon monoxide in the resting subject. 

The steady state Dri on exercise was higher 
than the hyperventilation Di in all but one sub- 
ject, and higher than the single breath Dt in six 
of the nine subjects. Although the exercise Di 
obtained in these subjects was not usually equaled 
during hyperventilation or when measured by the 
single breath method, the mean exercise DL was 
only 11 per cent greater than the resting single 
Dr. 
their associates 


breath Ross (15), and Turino (16), and 


made observations at rest and 


during exercise, using the Filley method. They 
showed that in the series as a whole, the increase 
in Di on exercise was no greater than that pro- 
duced by an equivalent degree of hyperventilation 
at rest. In the present study, repeated measure- 


ments on three subjects (the results on one of 


Breath DL (Resting) 


Single 


‘mt CO/ min /mm Hg) 


STATE DL EXERCISE 
RESTING SINGLE BREATH Dt IN 12 CASES 
The line indicating the 94% 
ship which existed in all other subjects is shown for 


Fic. 7. StTreapy DURING PLOTTED 


AGAINST THE 
OF EMPHYSEMA. relation- 


comparison. 
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whom are shown in Figure 1) have shown that 
exercise produces an increase in DL, measured by 
the steady state method, which is greater than 
that which can be accounted for by the hyper- 
ventilation alone. This is in keeping with the 
findings of MacNamara and co-workers (17) who 
also used the Bates method of measuring DL. 

The diffusing capacity is not a constant but 
varies with the alveolar volume at which it is 
measured, and it is clearly important to control 
the tidal volume at which Dt is measured if the 
results are not to be misleading. In this context 
the single breath method has the advantage that 
the alveolar volume at which it is measured is 
easily fixed at maximal inspiration, while hyper- 
ventilation in the untrained subject at rest may 
result in irregular tidal volumes and an unreliable 
figure for Dt. Measurement of the steady state 
Di during exercise overcomes this difficulty, but 
the result must then be related to the rate of 
work (2) or oxygen consumption (20) and func- 
tional residual volume (2) or surface area. 

The general relationship between the steady 
state and single breath Dt in this series of 141 
subjects is similar to that obtained by Marks and 
co-workers (6) who found the Filley steady state 
method gave results about two-thirds of the single 
breath Dt. 

The patients in group 1, with cardiac or respira- 
tory disease but normal intrapulmonary gas mix- 
ing, behaved similarly to the normal subjects, the 
steady state Di being equal to approximately 75 
per cent of the single breath Di (Figure 3). 

The difference in the ratio of steady state Di 
to single breath Dr in group 1 (74 per cent) com- 
pared with group 2 (66 per cent) may be due to 
a number of factors. Patients in group 2 were 
more incapacitated than those in group 1 (Table 
III) and breathed at a tidal 


3orderline cases such as one with 


smaller volume. 


severe per- 
sistent asthma and widespread cystic bronchiecta- 
sis (steady state Dr 4.6, single breath Dri 18 ml 
Hg) 2 


In addition, it is likely that in 


CO/min /mm included in 


rather than 3. 


were group 
the presence of impaired intrapulmonary gas mix- 
ing the steady state Di is too low because of end- 
tidal sampling errors. This point is discussed 
further below, but the maximal effect of inaccu- 
rate end-tidal sampling in group 2 is to lower the 
steady state Dr by only 10 per cent. 
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The difference in the ratio of Dt calculated by 


the two methods in group 2 


(patients with im- 
paired intrapulmonary gas mixing) and group 3 
(patients with emphysema) is more interesting. 
Although the helium mixing index is similar in 
both groups, the steady state and single breath 
Dx bear no relation to each other in patients with 
emphysema. The reasons for this may be: 

1. The single breath Dt is too high in these 
patients. The single breath Dt is calculated from 
the alveolar volume obtained by adding the in- 
spired volume to the residual volume measured by 
the helium equilibration technique. In patients 
( Ves } 
greater than that calculated from the dilution of 


with unequal gas mixing this volume 


helium inspired in the single breath test (Va,). 
The alveolar volume Vy, is only an approximate 
measure of the volume ventilated by the single 
breath, because the expired sample collected may 
not represent the mean helium concentration in 
the lungs; the highest concentrations of helium 
are discarded with the dead space gas, and the 
less well ventilated parts of the lungs contribute 
only a small volume of the collected sample. In 
practice, the single breath Dt calculated from V4, 
is reduced to 95 per cent of the normally calcu- 
lated single breath Dt in patients in group 2. 
The patients with emphysema (group 3) have a 
mean single breath Dt calculated from V., which 
is 70 per cent of the normal single breath DL. 
Even when this reduced single breath Dt is taken 
into consideration, there is no relationship be- 
tween the single breath and steady state Di in 
group 3. 

\ further possible cause of error, giving falsely 
high results by the single breath method in pa- 
tients with emphysema, lies in the length of time 
taken to collect the alveolar sample. In this series 
the breath-holding time was measured from the 
beginning of inspiration to the start of sample 
(4). 


collection By recalculating DL, using “ef- 


fective breath-holding time” as suggested by Jones 
and Meade (21) 


inspiration to the endpoint of sample collection, 


namely, from the beginning of 


less 3/10 of inspiration time—Dt dropped by an 
average of 10 per cent, but there was still no 
relationship between the single breath and steady 
state methods in this group. 

Marshall 


(7) has recently discussed the end-tidal sampling 


2. The steady state DL is too low. 


AND R. 


MARSHALL 


method of measuring Dt in patients with emphy- 
sema. In emphysema, where no clear division 
exists between dead space and alveolar gas, the 
end-tidal samples contain more CO than the mean 
concentration of CO in the lungs. The steady 
state method using end-tidal samples therefore 
gives falsely low figures for the over-all diffusing 
capacity of the lung. Bates (22) believes the 
steady state method with end-tidal sampling re- 
flects the diffusing capacity of the predominantly 
ventilated portion of the lung. 

The most striking difference between groups 2 
and 3 is the lack of correlation between the single 
breath and steady state Dt either at rest or on 
exercise in group 3. Although the mean mixing 
efficiency index of group 3 (29 per cent) is only 
slightly lower than that of group 2 (36 per cent), 
this index is not a sensitive measurement of gas 
mixing and the differences of gas distribution in 
the two groups may be greater than that indi- 
If the ratio 
sb Veq iS used as a measure of mixing efficiency, 


cated by the mixing index figures. 
V 

a much greater difference is found between the 
two groups. A lower mixing efficiency in group 3 
than in group 2 would contribute to the lack of 
correlation between the two methods in these 
groups. 

3. The main cause of the differences between 
groups 2 and 3 is probably the inequality of ven- 
tilation and perfusion in the emphysematous lung. 
The volume of unperfused or underperfused lung 
of emphysema patients is increased, and this in- 
creased physiological dead space is ventilated 
When the Dt is 


measured with normal tidal volumes, as in the 


mainly by the tidal volume. 


steady state method, a large proportion of the 
tidal volume will ventilate physiological dead 
space and give a low Di. A previous study by 
Marshall (7) showed that the Dv in emphysema 
was uniform throughout most of a full expiration. 
The method was not capable of detecting changes 
in the first few hundred ml of alveolar gas air, 
and it is probable that the gas first expired, which 
has the highest ventilation-perfusion ratio, comes 
from regions of the lung with a low Dr. High 
values for the single breath Dt with low values 
by the steady state method could occur when the 
pathological changes in the lungs are such that 
the most severely affected parts of the lung are 
ventilated by the tidal volume and when the re 
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mainder of the lung is less severely affected. 
When the emphysematous changes in the lungs 
are diffused throughout the lungs, both the single 
breath and steady state Di will be low. 

It appears that in the absence of emphysema 
either method gives a satisfactory figure for Dt. 
The difference between the results obtained by the 
two methods can largely be accounted for by the 
different alveolar volume at which they are meas- 
ured, although impaired intrapulmonary gas mix- 
ing may lower the steady state result by approxi- 
mately 10 per cent. 

In emphysema neither method measures Dri 
satisfactorily. The steady state method gives con- 
sistently low results for reasons discussed above 
and, although this makes the steady state method 
a useful test clinically, the results do not reflect 
The 


single breath method gives results in emphysema 


the true diffusing capacity of the lungs. 


which are often optimistic and which, although 
they may be of value in investigating the physiol- 
ogy of the disease, are usually of little help in the 
assessment of disability. 


SUMMARY 


In 16 normal subjects and 125 patients with 
cardiac or respiratory disease, measurements of 
the diffusing capacity of the lungs for carbon mon- 
oxide (DL) were made by both the single breath 
and the steady state methods with end-tidal sam- 
ples as a measure of alveolar CO. 

In 16 normal subjects at rest the steady state 
Dt was about 75 per cent of the single breath Dt. 
The steady state Dt increased with increasing 
tidal volume so that at maximal tidal volume the 
steady state DL was approximately the same as 
the single breath Dit. The increase of Dt on 
exercise was greater than could be accounted for 
by the increased ventilation on exercise. An in- 
crease of respiratory rate without an increase in 
tidal volume did not increase Dt. 

The patients with cardiac or respiratory disease 
were considered in three groups. Group 1 (74 
patients with normal pulmonary gas mixing) : the 
steady state Di was 74 per cent of the single breath 
Dr at rest. Group 2 (26 patients with impaired 
pulmonary gas mixing but no clinical evidence of 
emphysema) : the steady state Dt was 66 per cent 
of the single breath figure. The difference be- 
tween groups 1 and 2 may be due, in part, to the 
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errors in end-tidal sampling in patients with un- 
even pulmonary ventilation. Group 3 (25 patients 
with emphysema): there was no relationship be- 
tween the single breath and steady state Di. The 
reasons for this are discussed. 
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Respiratory embarrassment and pulmonary hy- 
pertension are important consequences of pulmo- 
nary embolism. Respiration is affected at several 
levels. Changes in rate and depth have been 
summarized by Whitteridge (1) as “rapid shal- 
the 


Sectioning or cool- 


low breathing” unaffected by inhalation of 
100 per cent oxygen (2, 3). 
ing of the vagi prevented this phenomenon which 
was therefore regarded as neurogenic, caused by 
the excitation of (unspecified) lung receptors. 

Embolism is usually followed by an increased 
resistance to lung inflation in the artificially re- 
spired animal (4, 5) or a rise in the intrapleural 
pressure swing in those breathing spontaneously 
(6). This was thought to be due to broncho- 
constriction. 


A fall 


been reported to accompany pulmonary embolism ; 


in arterial oxygen saturation has also 
several mechanisms were suggested to explain 
this change. An acceleration of blood flow through 
the non-occluded areas of the lung (= decreased 
contact time) was proposed by Binger, Brow and 
Branch (2). A fall in the pulmonary diffusing 
capacity for oxygen was assumed by Williams 
(7) to be due to a reduction in the area of the 
admixture 


alveolocapillary membrane. Venous 


was not abolished, however, by breathing 100 per 


cent oxygen (8, 9), and it also occurred after the 
This 


prompted the conclusion that arterial hypoxia was 


intravenous injection of oxygen itself (10). 


caused by the opening of pulmonary arteriovenous 
anastomoses (9). 

These changes do not seem to account for the 
often distressing dyspnea seen in clinical pul- 
grants from 
Council of 
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Research 


monary embolism. It occurred to us that changes 
in lung mechanics—the most common causes of 
dyspnea—have not yet been investigated in this 
condition, and we therefore decided to include 
lung mechanics in our study of experimental lung 
embolism. 

The dose-response relationship in embolic pul- 
monary hypertension, as demonstrated by sev- 
eral investigators, suggests that the rise in pres- 
sure is related to the number of occluded vessels. 
This implies that pulmonary hypertension would 
occur only in widespread embolization, since a 
50 per cent occlusion of the pulmonary circula- 
tion is followed by mild changes only (Table I). 
Two-thirds of the pulmonary vascular bed had to 
be excluded in order to create a more marked 
pulmonary hypertension (14, 15). 

These data are difficult to reconcile with some 
other observations. Repeated intravenous injec- 
of blood 


marked right ventricular hypertrophy, suggesting 


tions clots into rabbits resulted in a 


pulmonary hypertension. Yet postmortem angi- 
ography of the lung vessels failed to reveal ob- 
(16). This 
others not mentioned here appeared to indicate 


struction finding and numerous 
that reactive vasoconstriction contributes to this 
type of pulmonary hypertension. Embolic con- 
striction of the systemic arteries was shown to 
be neurogenic. It that 


plegic procedures might also modify the pulmo- 


was expected neuro- 
nary vascular response to embolism, but in the 
majority of technically acceptable experiments, 
spinal cord section, vagotomy, and chemical and 
surgical sympathectomy were found ineffective 
(7, 17-19). Only Price, Hata and Smith (20) 
obtained a reduced response. 

It was decided to study two aspects of these 
changes. By using two different doses of embolic 
material (one 10 times larger than the other), 
an attempt was made to assess the quantitative 


nature of the response. By using different drugs, 
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Changes of pulmonary 


ulm. art. 


mean press. 


O 


5 men 
15 men 
9 dogs 


6 men 
*C = control; O = occlusion. 
the possibility of a non-neurogenic pulmonary vaso- 


constriction was explored. 


METHODS 


Material. 


used in these experiments. 


Forty-six sheep weighing 21 to 48 kg were 
The supine animals were 
The femo- 


ral artery and vein were dissected free and a thermometer 


anesthetized with thiopentone and intubated. 


was inserted into the rectum. 


Circulation measurements. A cardiac catheter was 


passed via the femoral vein into the pulmonary artery 
and a introduced into the femoral 


(Saoz) 


cannula was artery. 


Oxygen saturation of the arterial and mixed 


venous (S¥o.) blood and hemoglobin content were meas- 
(21). In 


which 100 per cent oxygen was breathed instead of air, 


ured spectrophotometrically experiments in 


oxygen content and capacity were measured manometri- 


cally (22). Expired air was collected for 1.5 to 2.5 


minutes in Douglas bags; their content was measured 


and analyzed by the Haldane method. In later experi- 
(Vr) 
were measured from the record obtained 


ments oxygen uptake, tidal volume and rate of 
breathing (f) 
with a Pulmotest twin-spirometer.1 The animal breathed 
air from a closed-circuit system, oxygen being fed from 
the second bell at the rate at which it was removed from 


T he 


experiments performed with 100 per cent oxygen, both 


the first system. same arrangement was used for 


systems being washed out and filled with oxygen. 

Blood samples were taken in the mid-period of ventila- 
tion measurements. The Fick principle was used to cal- 
culate pulmonary arterial blood flow (Q), the shunt- 
(Cco: — Cao./Cco: — CFo2) to calculate 


formula venous 


admixture (Qs) in per cent of Q. 


Oxygen content of 
the pulmonary capillary blood (Cco:) was estimated by 
subtracting 0.60 vol per cent from the oxygen capacity 
of the arterial blood 
this method gave good agreement with the more labori- 
pr cedure of 


(23). In other experiments (24) 


ous calculating alveolar oxygen tension, 


measuring blood pH and obtaining the saturation of 
pulmonary capillary blood from the oxygen dissociation 
curve for sheep's blood. 

Pulmonary (P,..) and femoral (Pr...) arterial pres- 


sures were measured by Sanborn transducers (no. 267) 


1 Godart-Mijnhart, Utrecht, Holland. 


circtlation with pulmonary vascular occlusion 


4 


Pulm. art. 
resist. 


Ventil. 


and recorded on a 6-channel direct-writing Sanborn oscil 
Total 
pulmonary (Rum) and total systemic (Rsyst) resistances 


lograph and expressed in millimeters of mercury. 


were calculated by the usual formulas and expressed in 
dynes-sec-cm™. 
Blood flows, 


expressed on the basis of 1 m’* body surface area (BSA). 


resistances and ventilated volumes were 
The latter was calculated by the formula: 8.3 ¥w«* where 
Details of the circula- 
(26). 

measured via a 
into the 
third or fourth interspace, 7 to 10 cm from the anterior 
A pneumothorax of 60 to 80 ml 
The needle was connected by 70 cm poly- 


w = body weight in grams (25). 
tion measurements were described elsewhere 
( Py ) 


needle 


Intrapleural pressure was 


specially prepared 17 gage introduced 
surface of the chest. 
was induced. 
ethylene tubing to a Sanborn transducer no. 267 B. Pp: 
was recorded relative to atmosphere in centimeters of 
water. 

Air flow 
Godart pneumotachometer and integrator.! 


rate and tidal volume were obtained with a 
The pneumo- 
tachometer is similar to that described by Silverman and 
Whittenberger (27) and the one used in these experiments 
covered the range of flow from 0 to 100 L per minute. 
The integrator consists of a high stability D.C. amplifier 
with an extremely effective time constant and a low 
drift rate so that the error of Vr measurements from 
this source was not likely to exceed 1 per cent. The Py, 
airflow and volume changes were electrically amplified 
and recorded simultaneously on the oscillograph. 
Method of analysts. 
in milliliters per 


Lung compliance (CL), expressed 
centimeter water per kilogram, was 
obtained by dividing the Vr by the simultaneously re- 
corded P,: between points of zero flow; 6 to 10 breaths 
were measured from a recording made at 25 to 50 mm 
Mean frictional 
calculated at 
Differences in 


per second and the mean value taken. 


(=nonelastic) resistance was points of 


equal volume (28). pressure and rate 


of airflow were read from the recording. Due allowance 
for the 


breaths were analyzed for each period. 


was made resistance of the instrument. Five 


Calibration. Pressure, volume and flow were all linear 
The coefficient of variation for a single 
measurement of Cri averaged 5.6 per cent and duplicate 
De- 
tails of the lung mechanics measurements are described 
elsewhere (24). 


within 2 per cent. 


measurements invariably agreed within 10 per cent. 
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Volume-pressure relationship over an extended range. 
On three occasions in three animals the volume-pressure 
relationship of the lung over an extended range was 
studied by a method similar to that described by Cook 
and co-workers (29). The measurements were per- 
formed after the injection of 0.20 ml per kg barium sulfate 
while the animals were paralyzed with succinylcholine. 
Increments of 150 ml were introduced in 1 second with 
5 seconds between each step. The transpulmonary pres- 
sure was measured with a Sanborn differential pressure 
transducer 267 B. Inflation was continued until the trans- 
pulmonary pressure was approximately 30 mm Hg 
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greater than in the resting position. The gas was then 
removed in a stepwise fashion at the same time intervals 
as for the inflation. An approximate correction for 
change in gas volume from ATP to BTPS and for gas 
exchange was made by taking the volume increments as 
160 ml BTPS for both inflation and deflation. Statistical 
methods were used as recommended by Snedecor (30). 
Embolic material consisted of a 33 vol/vol emulsion of 
barium sulfate injected into the pulmonary artery. 
Groups. The animals were divided into two main 
groups. Group I (Table II), consisting of 19 animals, 
was given 0.20 ml per kg barium sulfate. Group II 


TABLE II 


Cardiores piratory effects of the administration of 0.20 ml per kg barium sulfate emulsion in sheep * 


Group I Intact Vagot. Atrop. Bretyl 


No. of animals 
Cardiac output 


(L/min/m? BSA) 


Femoral art. mean 
pressure (mm Hg) 


Syst. art. resistance 
(dynes-sec-cm~*/m? BSA) 


Pul. art. mean 
pressure (mm Hg) 


Lysergic acid 


4 2 4 


2,999 
2,950 


Pulm. art. resistance 
(dynes-sec-cm~*/m? BSA) 


Art. oxygen saturation 
%) 


Venous admixture 
(% cardiac output) 


Ventilation 
(L/min/m? BSA) 


Breathing rate (min) 


Tidal volume 
(ml/m? BSA) 


Lung compliance 
(ml/cm H2O0/kg) 


Mean airway resistance 0 
(cm H2O/L/sec) 5 


357 
693 


90.9 
79.4 


16 
39 


338 
370 


2.58 
0.79[31] 


1.10[43] 


1.82 
4.60 


19.6 


60 
83 


271 
248 


3.33 S 
0.83[25 ] 34[13] 0.99[34 ] 


1.1936] 1.51[52] 


1.20 
2.94 





= values in per cent of control. 


+ 0 = control period; 5 and 30 = 5 and 30 minutes after the injection of embolic material; J = after inflation of the 


lung. 


* Italicized figures = significant difference (p < 0.05). Numbers in brackets attached to compliance measurements 
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(Table IIL), 28 animals, was given 0.02 ml per kg of 
the same substance, 0.1 of the previous dose. 

After a control period (0) six animals of group I and 
5 of group II were injected with barium sulfate. Pres- 
sures were continuously measured ; other parameters were 
In some animals of group I, 
measurements were again repeated at 30 minutes. After 
the last measurement the lungs were inflated to a pres- 
sure of 30 mm Hg and CL was again determined (/, 
Tables II and III). 
jected to various procedures prior to the control period. 


measured 5 minutes later. 


The remaining animals were sub- 


Bilateral cervical vagotomy was carried out in 7 sheep; 
0.2 to 0.4 mg per kg atropine sulfate was administered 
intravenously to 4 vagotomized and 4 intact animals. 
Ten mg per kg bretylium tosylate (Darenthin) was admin- 
istered intravenously to 2 animals 30 minutes prior to the 
N,N,N’,N,-3-pentamethyl-N,N’‘,-diethyl- 


( Pendiomid) 


control period. 
3-aza-pentane-1-5-diammonium -dibromide 
was injected intravenously into 1 animal in a dose of 2 


mg per kg; 100 to 150 mg promethazine hydrochloride 


TABLE 
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(Phenergan, May and Baker) was intravenously admin- 
istered to 5 animals 30 minutes prior to the control pe- 
riod; 0.5 mg per kg lysergic acid butanolamide (Deseril) 
was injected intravenously into 4 sheep 30 minutes prior 
to the control period. 

In 3 animals control measurements of lung mechanics 
were followed by continuous breathing of 100 per cent 
After an equilibration period of 10 minutes, 
circulation taken, barium sulfate 
administered and at 5 minutes, circulation measurements 
were repeated while the were still breathing 
Oxygen breathing was then discontinued and 


oxygen. 
measurements were 
animals 
oxygen. 
measurement of lung mechanics repeated. 

A continuous infusion of adrenalin (0.4 wg per kg per 
minute) was administered to 4 animals; a continuous infu- 
hydrochloride (Isuprel; 0.03 yg 
Control measurements 


sion of isoproterenol 
per kg per minute) to 6 others. 


and embolization were performed during the infusion.? 


2 Darenthin was supplied by Burroughs Wellcome & 
Co. (Aust.) Ltd.; Pendiomid by Ciba Co., Pty. Ltd.; 


Ill 


Cardiorespiratory effects of the administration of 0.02 ml per kg 33% barium sulfate emulsion in sheep * 


Vagot. + 
Group II Intact 


No. of animals : 1 


Cardiac output 
L/min /m?) 


Femoral art. mean 
pressure (mm Hg) 


Syst. art. resist. 
(dynes-sec-cm~*/m?*) 
Pulm. art. mean 
pressure (mm Hg) 


Pulm. art. resist. 
dynes-sec-cm~*/m? 


Art. oxygen sat 
O7\ 
0) 


Venous admixture 
(% cardiac output 


Ventilation 
(L/min /m?) 


Breathing rate 
(min 


Tidal volume 
(ml /m? 


Lung compliance 


(ml/cm H2O/kg 


Mean airway res. 
(cm H2O/L/sec) 





* See footnote to Table Il. 
+ Ciba; see formula in Methods. 


Pendiomidt 


0.67[16 ] 
3.69[90 ] 


Oxygen 
100% Adren. 


Promethazine Isoproterenol 


105.9 
105.5 


18 
19 


8.0 
10.2 


3.01 
1.91[63] 


4.14 
2.94[71] 
4.38[106 ] 
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At the end of the experiments the lungs were in some 
cases removed and macroscopically assessed for edema. 


RESULTS 
Results are summarized in Tables II and III. 
A. Intact animals 


1. Effects on circulation. Q remained practi- 


cally unchanged in both groups. The slight in- 
crease in Py, and Ryyst at 5 minutes in group I 
was significantly different (0.02 < p < 0.05) from 
the slight decrease in group II. The injection of 
the embolic material was followed by a rapid rise 
in Pp... The peak value was reached within 30 
to 60 seconds (Figure 1). At this stage the dif- 
ference between the average peak values obtained 
after the injection of 0.20 ml per kg (= 52 mm 
Hg) and 0.02 ml per kg (= 44 mm Hg) was not 
(p = 0.30). From then on 
Pu gradually declined and at 5 minutes the dif- 


statistically significant 


ference between the two groups was statistically 
significant (p < 0.01). 

. Effect on arterial oxygen saturation and 
onion, 


There was a significant rise in VE in both 


Sao, decreased significantly in group 
[ only. 


De sseril wy Sandoz (Aust.) 
Winthrop Labs. 


Pty. Ltd.; and Isuprel by 
Their courtesy is gratefully acknowledged. 
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significantly in group 


the 
increase in f was significant in group I only. 


groups ; values were higher in group I. 
increased 
II only. 


3. Effect on mean frictional resistance. 


in both groups, 


A sta- 
which averaged 250 per 
The administra- 


tistically significant rise, 
cent, occurred in group I only. 
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Fic. 3. RELATIONSHIP OF LUNG COMPLIANCE AND PUL- 
MONARY ARTERIAL RESISTANCE IN LUNG EMBOLISM. Black 
dots represent sheep subjected to barium sulfate emboliza- 
tion. Open circles indicate measurements taken in spon- 
taneous pulmonary embolism due to blood clots. 


tion of the smaller dose resulted in a lesser rise 
not statistically significant. 

4. Effect on lung compliance. Embolism was 
followed by a gross fall in C1, as illustrated by 
Figure 2 and Tables II and III. The fall was 
more severe after the large dose and increased only 


slightly throughout the first 30 minutes. 


Inflation 
to 30 mm Hg produced a variable improvement 
in group I but restored CL in group II. 

A definite 


Rpum and Cr (Figure 3). 


correlation was obtained between 
A decrease in CL was 
associated with an increase in Rpum. 

A further correlation was established between 
Ci and mean frictional resistance (Figure 4). A 
sizable rise in the latter occurred only with a 
gross fall in CL. 

Effective capillary blood flow (QO, 100 — Os) 
was plotted against values of CL between the range 


The 


would have oc- 


of 10 to 60 ml per cm H,.O (Figure 5). 
(+ 0.47) 
curred by chance less frequently than 1 in 100 


regression coefficient 


times (p < 0.01). 
5. Effect on lung volume. During the first 20 


seconds after the injection of the embolic material, 
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Fic. 4. 
FRICTIONAL 


RELATIONSHIP OF LUNG COMPLIANCE AND MEAN 


(“AIRWAY”) RESISTANCE IN EXPERIMENTAL 


PULMONARY EMBOLISM. 


air was expelled from the lungs, as illustrated by 
the volume trace on Figure 2. This was also 
confirmed by spirometer records not shown here. 
Parallel to this change there was an increase in 
end-expiratory transpulmonary pressure—i.e., the 


P,, became more negative, as shown by the rise 
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a compliance value of less than 60 ml/cm H:O were 


included. 





CARDIORESPIRATORY EFFECTS OF EXPERIMENTAL LUNG EMBOLISM 





ha fi 


VOLUME, ML. 











T T T 
30 40 50 60 


PRESSURE, CM. H20. 


values «=e 5 sec values 
values after repeated inflations 


oan | sec 


@evescceces 5sec 
Fic. 6. VOLUME-PRESSURE CURVE OVER AN EXTENDED 
RANGE IN AN EMBOLIZED LUNG (0.20 ML/KG BARIUM SUL- 


FATE). For explanation see text. 


in the expiratory level of the P, trace (bottom 
line) on Figure 2. The amount of air expelled 
was 150 to 200 ml. The end-expiratory trans- 
pulmonary pressure gradually returned toward the 
control level. 

6. Volume-pressure relationship over an ex- 
The result of a typical experiment 
The solid-line loop in the 


tended range. 
is shown in Figure 6. 
middle represents the volume-pressure curve meas- 
ured at 5 seconds corresponding to the interval 
The curve for 


There 


was a small fall in pressure between 1 and 5 sec- 


between successive volume steps. 
the pressure at 1 second lies to the right. 


onds for each volume step in the tidal range. At 
higher levels of inflation the fall in pressure be- 
tween 1 and 5 seconds increased to 10 to 15 cm 
H,O. The total lung volume at 50 cm H,O in- 
flating pressure was still markedly reduced. After 
inflation the slope of the 5-second volume-pressure 
curve increased somewhat, but the total lung vol- 
ume remained unchanged. Compliance, taking a 
pressure value between 1 and 5 seconds, equaled 
13.4 ml per cm H,O. The compliance measured 
during spontaneous breathing was 15.2 ml per cm 


HO. 


7. Postmortem findings. Extensive lung edema 
was found in only one animal in group I. 
B. Animals subjected to neuroplegic procedures 


In vagotomized animals, f was lower than in the 
intact ones and failed to rise after embolism. VT 
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was higher and the rise in Ve was less than in 
the controls. Mean airway resistance was lower 
in the atropine-treated group. The postembolic 
rise, expressed as per cent of control value, was not 
With 


these exceptions the embolic response in these 


different from that of the untreated group. 


groups was essentially similar to that seen in the 
intact animals. 


C. Other procedures 


Lysergic acid butanolamide. The only differ- 
ence in the response was a lesser rise in Qs. 
Oxygen breathing. The response was un- 
changed. 
Promethazine. This group had the highest in- 
ta F. and Rosa. 


same initial rise in P,.,, as in the controls; at 5 


Embolism produced the 


minutes, however, P,.,. was only slightly elevated. 

3ecause of a simultaneous increase in Q, no rise 
in Roum occurred. The rise in QO was not statisti- 
cally significant (0.05 <p<0.10). The differ- 
ence between the change in Q in this group and in 
the corresponding control group was not statisti- 
cally significant (p = 0.30). 

Adrenalin. The adrenalin infusion resulted in 
a gross rise in O and in some increase in Pex. 
oth increased further after embolism. The post- 
embolic rise in was considerably less than in 
the corresponding control group and Rpum re- 
mained unchanged. The fall in Ci was less than 
in the preceding groups. 

Isoproterenol. Infusion with this substance 
caused a gross rise in Q, a fall in systemic and 
pulmonary arterial pressure and resistance, and a 
rise in Sao,. Embolism was followed by a mar- 
ginal rise in P, a. and virtually no change in Rpuim. 
The initial peak rise in Py, was also largely 
abolished (Figure 1). Changes in Qs, VE and 
CL were completely prevented. 


DISCUSSION 


1. Ventilation. These experiments have thrown 
some doubt on the view that hypoxemia contrib- 
utes to the ventilatory response to embolism as 
suggested by previous workers (12) ; the response 
was not significantly affected by 100 per cent oxy- 
gen breathing. Contrary to the widely held belief, 
VT increased in both intact groups and decreased 
only after the repeated injection of large doses of 
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embolic material. Vagotomy or the administra- 
tion of atropine, or both, reduced but did not 
abolish the response, while bretylium, lysergic acid 
butanolamide, promethazine, or adrenalin was 
without effect. Hyperventilation was completely 
abolished by isoproterenol infusion. 

- The 


change was the gross fall in CL, the extent of 


Lunq mechanics. most surprising 


which appeared to be related to the amount of 
embolic material injected. Ct is the sum of com- 
pliances of all distensible units within the lungs. 
When part of the lung was removed Ci showed 
a proportional fall (31). A reduction of the num- 


ber of distensible units due to surface tension 


forces created by the alveolar transudate in lung 
edema was shown to be responsible for the fall 
2Q 3 ? 


minal airways was suggested to account for a part 


in CL A gradual collapse of the ter- 
of the spontaneous fall in Cr in anesthetized dogs 
(33). This mechanism, the sudden exclusion of 
a significant portion of the distensible units, ap- 
pears to be the only possible cause for a gross and 
rapid fall in CL; changes in lung blood volume 
would account only for minor changes (34, 35). 

Pulmonary edema has occurred under certain 
conditions (36) and after a variable latent period 
(37) in lung embolism. Postmortem inspection 
of the lung revealed edema in only one of our 
animals. Further evidence against the presence of 
effect of inflation. In the presence 
of fluid in the airways, large inflations tend to 


edema is the 


promote its distribution, resulting in no improve- 
ment or a further drop in Cr (24). Inflation of 
the lung had a variable effect in group I (intact) 
and restored Cr in group II (intact). A normal 
CL, a few minutes after embolization, is incom- 
patible with lung edema. 

The increase in mean frictional resistance was 
remarkably well correlated with the fall in Ct. 
This may represent flow through a smaller num- 
ber of patent airways which in effect reduces the 
the sum of airways through 


mean diameter of 


which flow occurs. However, it is likely that part 
of the increase was due to bronchoconstriction. 
Otis and colleagues (38) have demonstrated 
that the distribution of ventilation is influenced by 
breathing frequency if the time constants (prod- 
ucts of compliance and resistance) of the separate 
areas in the lung are different. The problem, 
therefore, is how much of the fall in Cr is due to 
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the inclusion of a dynamic element, in the meas- 
urement after bronchoconstriction, that was not 
present before. 

The dynamic element in vagotomized animals is 
largely abolished by the inspiratory pause; the 
fall in Ci was, however, unchanged. The in- 
creased elastic resistance could also be demon- 
strated under semistatic conditions, as shown by 
the volume-pressure curve. This inflation through 
an extended range also indicates that the increase 
is not restricted to the tidal range. The agree- 
ment between CL values taken under semistatic 
conditions and during spontaneous breathing indi- 
cates that the fall in Ci after embolism has not 
been overestimated. 

A gross fall in pressure in the interval be- 
tween inflations occurred only at higher levels of 
inflation. This indicates three possible causes: 
1) surface hysteresis, 2) tissue relaxation, 3) 
opening of distensible units. 

The behavior of the embolic lung differs from 
that of the edematous lung in which one observes 
an earlier increase in slope, and the volume at 
30 cm H,O pressure is not much different from 
the normal lung (29). This suggests that the 
increased resistance to inflation is not due to sur- 
face forces and is consistent with a hypothesis that 
the alteration in lung mechanics is due to airway 
closure. 

The airway musculature in man and animals 
extends over both the proximal (supported) and 
distal (unsupported) parts of the bronchial tree, 
with muscular rings surrounding the orifices of 
the atria (39), also referred to as “alveolar sphinc- 
ters” (40). 
part of the airways, if unaccompanied by hyper- 


Muscular contraction of the proximal 


secretion or mucosal swelling, or both, can only 


cause a narrowing of the lumen; the presence of 
cartilagenous rings prevents complete occlusion. 
Muscular contraction in the distal unsupported 
segments would result in airway closure with ex- 
clusion of the more peripheral alveoli from ex- 
pansion. This suggested action might be facilitated 
by the thickness of these muscular bands ; they are 
relatively five times thicker than the muscle rings 
of the cartilagenous bronchi (39). 

It is suggested that pulmonary embolism is fol- 
lowed by a contraction of the smooth muscles of 
the airways. In the proximal segments this con- 
traction causes some narrowing in the lumen, as 
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indicated by the moderate rise in mean frictional 
resistance. In the distal segments the same con- 
traction would cause widespread closure of the 
terminal airways with a fall in ventilated lung 
volume and Ci. This appears to be the “unknown 
mechanism” (41) that produces a shift of venti- 
lation toward the unaffected parts of the lungs, as 
demonstrated by fluoroscopy (42) and broncho- 
spirometry (43) and by means of a_balloon- 
catheter (44, 45). 

The fall in Cr after embolization was accom- 
panied by a decrease in lung volume amounting to 
150 to 200 ml. 
out air one would expect the end-expiratory P,, 
to become more negative. 
the chest wall in the sheep is on the average 150 


If muscular contraction squeezed 
Since compliance of 


ml per cm H,O (24), the expected rise in end- 
expiratory transpulmonary pressure could not ex- 
ceed 1 to2cmH,O. This was the change actually 
observed in the first half-minute following the 
embolus. Its subsequent return to normal can be 
accounted for by a gradual further expansion of 
the ventilated areas of the lung. In other cases 
the return to normal was apparent rather than 
real owing to active expiration, the P,, at the end 
of expiration at the moment of zero flow remain- 
ing more negative than before embolism. 

Robin (8) and Julian (44), and their associates, 
observed an increased alveolar dead space based 
on a widened alveolar-arterial Peo, difference in 
pulmonary embolism. In view of the gross me- 
chanical nonhomogeneity of the lung after em- 
bolism, alveolar sampling is invalid. This may 
account for the gross variation in their results. 

3ecause of the tendency of the anesthetized ani- 
mal to breathe at a fixed VT—1.e., constant trans- 
pulmonary pressure swing—CL is likely to remain 
The 
apparent duration of the stimulus responsible for 
the fall in Ci can therefore only be assessed by 
the period of time that must elapse after emboliza- 
This 
period varied with the amount of embolic material 
injected. With larger doses, 30 minutes was not 
sufficient ; with small doses, CL was successfully 
restored a few minutes after embolization. 


reduced until a large inflation is performed. 


tion before Ci can be restored by inflation. 


The inability of vagotomy and atropine to pre- 
vent the embolism-induced rise in mean frictional 
resistance is at variance with the findings of Binet 
and Burstein (5) and Boyer and Curry (6) and 
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confirms the observations reported by Singh (4). 
The parasympathetic nervous system is apparently 
not involved in this change. 

The fall in Ci remained unaffected by neuro- 
plegic procedures and by the administration of 
antihistaminic and antiserotonin drugs. It seems 
safe to conclude that the suggested constriction of 
the airway musculature is unrelated to neurogenic 
stimuli and to the release of histamine or sero- 
tonin. The fall following the small dose of.em- 
bolic material was reduced by adrenalin and com- 
pletely abolished by isoproterenol. This proved 
the functional nature of airway closure and ap- 
pears to suggest that some yet unidentified sub- 
stance, causing a constriction of the airway mus- 
culature, might be released as a response to 
embolism. 

The severe fall in Ci as demonstrated in these 
experiments is bound to increase the strain of the 
respiratory muscles already burdened by hyper- 
ventilation. We suggest that the resulting in- 
crease in the work of breathing could well be 
responsible for the severe dyspnea seen in some 
cases of clinical pulmonary embolism. Since the 
administration of isoproterenol abolished both hy- 
perventilation and the rise in elastic resistance, 
it is likely to be beneficial in patients. 

3. Arterial hypoxemia. Closure of the terminal 
airways, if relatively more extensive than obstruc- 
tion of the vessels, may result in the perfusion of 
nonventilated alveoli with consequent venous ad- 
mixture. This explanation is consistent with the 
inability of 100 per cent exygen to abolish venous 
admixture (8, 9), and appears to be supported by 
the partial correlation between QO, and Cu (Fig- 
ure 5). 

4. Pulmonary hypertension. The sudden steep 
rise in P,. after the injection of embolic material 


(Figure 1) does not appear to be dependent on 


the amount injected. The extraordinary rise in Q 
that would be necessary of itself to cause such a 
rise is unlikely to have occurred. It is more prob- 
able that the rise represents a time lag between 
the embolism-induced obstruction and the opening 
of reserve capillaries. In this case one would 
expect the rise to be reduced or largely absent 
after repeated doses of emboli, but this is not the 
case ; an equal initial rise was regularly observed 


with repeated injections. It is therefore suggested 
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that this sudden steep rise represents pulmonary 
vasoconstriction. 

The argument most frequently used against the 
occurrence of embolic pulmonary vasoconstriction 
is mainly based on the absence of pulmonary hy- 
This 
implies that local embolism does not cause gen- 
The situa- 
tion is analogous in the systemic circuit where 
localized emboli also fail to cause a generalized 


pertension following lobar emboli (18). 


eralized vasoconstriction in the lungs. 


vascoconstriction. Lobar emboli are, however, of 
little assistance in excluding the occurrence of a lo- 
cal response, i.e., constriction of vessels actually 
containing the embolic particles. This mechanism 
is consistent with the dose-response relationship 
and would also explain how a relatively small dose 
of particles, as in our group II, can cause pulmo- 
nary hypertension. 

The lack of effect of neuroplegic procedures to 
prevent postembolic pulmonary hypertension has 
Even 100 
per cent oxygen, an otherwise potent pulmonary 
The lack of pro- 


been confirmed in these experiments. 


vasodilator, proved ineffective. 
tection by lysergic acid butanolamide suggests that 
serotonin release is probably not involved in this 
mechanisni. 

The administration of promethazine failed to 
affect the immediate pressure response but re- 

Changes 
This find- 


duced the 5-minute values considerably. 
in lung mechanics were not influenced. 
ing, therefore, does not provide evidence for the 
release of histamine, which is known to produce 
bronchoconstriction but no pulmonary hyperten- 
sion (46). 

The effect of adrenalin and even more the effect 
of isoproterenol provide conclusive evidence that 
pulmonary hypertension after the small dose of 
barium sulfate is predominantly functional. Iso- 
proterenol has been demonstrated to be a potent 
pulmonary vasodilator in animals (47). In pa- 
tients suffering from various types of heart dis- 


ease isoproterenol in considerably smaller doses 


reduced Rypum by increasing Q; P,. remained 
unchanged (48). It is not whether this 


difference is due to the lower dose or to the dif- 


clear 


ferent mechanism of pulmonary hypertension in 
those patients. 

From these observations isoproterenol emerges 
as a substance which, if administered in high doses 
and continuously, effectively prevents all major 
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consequences caused by the intravenous adminis- 
tration of 0.02 ml per kg barium sulfate. No 
other substance is known to offer a similar protec- 
It remains to be decided how effectively this 
drug can block the effects of larger doses of em- 


tion. 


bolic material and what its action is if adminis- 
tered after embolism. 


SUMMARY 


Experimental pulmonary embolism was _pro- 
duced in sheep, by means of graded amounts of 
a barium sulfate emulsion. Ventilation, lung me- 
chanics and circulation were measured. The ef- 
fect of various neuroplegic procedures, oxygen 
breathing, the administration of antihistaminic and 
antiserotonin and 
and isoproterenol infusions was assessed. 


drugs, continuous adrenalin 

In addition to the already known consequences 
of pulmonary embolism (hyperventilation, arterial 
hypoxemia, pulmonary hypertension and broncho- 
constriction), a gross fall in lung compliance was 
shown to occur, unrelated to lung edema. 

All but one of the procedures used in these ex- 
periments were ineffective in altering the onset or 
severity of the above changes, but the effect of 
the smaller dose of embolic material was com- 
pletely prevented by the administration of 
isoproterenol. 

It is concluded that postembolic pulmonary 
hypertension and compliance-fall after a small 
dose of embolic matrial are predominantly func- 
tional and probably caused by the release of an 
unknown substance as a response to embolism. 
The physiological and clinical implications of these 
findings are discussed. 
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Actual spectrogram of Cobalt-60 made with a Radium, after four runs over 20 hour period 
GSS-1 gamma spectrometer system. Window without instrument adjustment. Range 30,000 
No. 3. Time constant: 2 sec. C/M. Time constant: 3 sec. 
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H-3. Due to high yield, counting time may be reduced 
80% to 95%. High voltage and scaling systems operate 
with US-1 and WSC-1 shown below. 


2 UNIVERSAL SHIELD hf » j 3 WELL-TYPE COUNTER 

US-1A—$395.00* 2 f WSC-1—$995.00* 

Detects gamma and beta-gamma 4 ‘ Background less than 140 cpm. 
’ activity in prepared flat samples. 4 Detects low-level gamma activity 

Also accepts gamma scintillation in test tube and flat type samples. 

detector, mylar window GM flow All-transistorized amplifier. Works 


detector, and strip chromatograph with any scaler. Operates with the 
scanner. Operates with PC-3A. of PC-3A. 


*“ALL PRICES FOB, INDIANAPOLIS 
For Full Details, Write, Wire...or Phone Collect—LIiberty 6-2415 


Nuclear Measurements Corp. NMC 
5967 East 25th Street - Indianapolis 18, Indiana 


International Office: 13 E. 40th Street, New York 16, N.Y. ~oscepmiepiae™ 








NOW OVER 18,000 


CHEMICALS 


@ Pregnandiol Glucuronide 

@ Propamidine 

@ Propargy!l Alcohol 

@ Propiolic Acid 

@ n-Propylglycine 

@ Propy! Nitrate 

@ Prothrombin 

@ Protoporphyrin 

@ Ptyalin 

@ Pyocyanin Dihydrochloride 
@ Pyrazine 

@ Pyridine-2-aldehyde 

@ Pyridine-4-aldehyde 

@ Pyrogallol-4-carboxylic Acid 
@ Pyrrocoline 

@ Quercetin 

@ Quercetrin 

@ Quercimetrin 

@ Quinine Iodobismuthate 


Ask for our new 
complete catalogue 


SLaboraitoruses, Inc. 


17 West 60th St., New York 23, New York 
Plaza 7-8171 








WANTED 


Back Issues of 


THE JOURNAL OF 
CLINICAL INVESTIGATION 


January, May, June, July, (Pt. I), 
September, through December, 
1955 
February, July, August, Sept., and 
November, 1959 
February and October, 1960 
75¢ per copy and postage 
For particulars about mailing write to 
The Journal of Clinical 
Investigation 
Business Office 


333 Cedar Street 
New Haven 11, Conn. 








The Journal of Clinical Investigation 
333 Cedar Street New Haven 11, Conn. 


COMPLETE VOLUMES 


OF 


BACK ISSUES 


Vol. 27 (1948) six issues and one 
supplement 


Vol. 28 (1949) six issues and two 
supplements 


Vol. 29 (1950) twelve issues 


Vol. 30 (1951) twelve issues and 
one supplement 


Vol. 31 (1952) twelve issues 
Vol. 32 (1953) twelve issues 
Vol. 33 (1954) twelve issues 


Vol. 36 (1957) twelve issues and 
two supplements 


Vol. 37 (1958) twelve issues 
Index, Vols. 1-17, inc. 


Order While Available 











Fare OSMOMETERS 
pie Available for 
IMMEDIATE DELIVERY 


ACCURATELY MEASURES OSMOTIC 
PRESSURES by FREEZING 
POINT METHOD 


Check for overhydration, dehydration, renal 
shutdown or other kidney disease. 


Measures Hyperosmolarity not detectable by 


other methods. 

Monitors Osmolarity of parenteral, artificial 
kidney and dialyzer fluids. 

Provides diagnostic information in diabetes 
insipidus or mellitis. 


FISKE OSMOMETERS, now in use in over 600 | 


research centers and laboratories, prove the reli- 
ability of this instrument. 


Today’s FISKE OSMOMETER, available in labora- | 
tory or portable models, offers these . . . NEW, | 


EXCLUSIVE FEATURES: 

e SHOCK FREEZING 

e STAINLESS STEEL UNBREAKABLE TEMP. 
PROBE 

e DUAL STIRRING RODS 

e INTEGRATED PRE-CHILL BATH 

e BUILT-IN INTERVAL TIMER 

e ROTARY STIRRING 


For complete details, specifications and applications, write to: | 


Tar FISKE ASSOCIATES,INC. 


BETHEL, CONNECTICUT 
Creotors of 
Precision Electronic Devices 








did you know you can 


MONITOR 


the 


BLOOD STREA 


of man or animal 
continuously/automatigally 


for changes in... 


GLUCOSE 
CREATININE 
CHLORIDE 
CALCIUM 
co, 
UREA 
SODIUM 
POTASSIU 
AMMON#A 
SAJACYLIC ACID 
PARA AMINOHIPURRJC ACIL 
> H 
METAHEXANIDE 


aN Extracting as 
little as 6 ml. of 
Blood per hour 


A two-lumen cannula is inserted into the 
blood ‘stream; the inner cannula aspirates 
la) erere Mau dali Com eatemelelcc mer teleltle Mmereolereltreltniny 
feeds heparin into the blood aspirated, with- 
out letting heparin into the blood stream... 


With the TECHNICON®* 


£\azof\nalyzer 


Write and we will forward reprints of published papers. 


TECHNICON INSTRUMENTS CORP. 


22 RESEARCH PARK +* CHAUNCEY, NEW YORK 











CLINICAL SCIENCE 


Editorial Board 


for the Medical Research Society 
G. M. Butt, Chairman, A. C. DornHorst, A. D. M. GREENFIELD, E. J. M. CAMPBELL 


for the Biochemical Soctety 
N. F. MacLaGan, Deputy Chairman, C. H. Gray, N. H. Martin, F. T. G. PRUNTY 


Volume 21, Part 1. August 1961. 
Some anomalies in the measurement of pulmonary diffusion in asbestosis and chronic bronchitis with emphysema. By M. | 
THOMSON, MARGARET W. McGratu, W. J. SMITHER and J. M. SHEPHERD. 


Pulmonary diffusion at small lung volumes in asbestosis and chronic bronchitis with emphysema. By MARGARET W. MCGRATH 
and M. L. THomson. 


Further observations on the normal survival curve of *'Cr-labelled red cells. By P. L. MOLLISON. 
Salivary electrolyte composition at high altitude. By E. S. WILLIAMs. 


The use of indocyanine green in the measurement of hepatic blood flow and as a test of hepatic function. By J. Carsar, S. 
SHALDON, L. CuHIANDUss!I, L. GUEVARA and SHEILA SHERLOCK 


Some basic observations on ammonia metabolism of the liver. The role of hepatic blood flow. By P. Potvin, A. M. RAPPAPORT 
and J. W. Scott. 


Blood flow and blood pressure after noradrenaline infusions. By A. F. Lever, J. F. MowsBray and W. S. PEART. 
Serum proteins in norma! urine. By D.S. Rowe and J. F. SooruHiLt. 
The proteins of postural and exercise proteinuria. By D.S. Rowe and J. F. Soorui tt. 


The effects of exercise and of breathing oxygen-enriched air on the pulmonary circulation in emphysema. By A. H. KITCHIN, 
C. P. LowTHER and M. B. MATTHEws. 


Alveolar gas and anatomical dead-space measurements in normal newborn infants. By L. B, STRANG. 

An examination of the blood of febrile subjects for pyrogenic properties. By E. S. SNELL. 

Renal phosphate excretion indices in the diagnosis of hyperparathyroidism. By A. HODGKINSON. 

The effect of control of blood pressure on vascular reactivity in experimental renal hypertension. By E. G. MCQUEEN 


Volume 21, Part 2. Octcber 1961. 


Proteinuria in the nephrotic syndrome and in hypertensive renal failure. By M. H. Roscoe. 
Effects of brachial arterial infusion of bretylium tosylate on hand blood fiow. By E. B. FReNcH and M. B. MATTHEWws. 


The determination of ascorbic acid in white blood cells. A comparison of W.B.C. ascorbic acid and phenolic acid excretion in 
elderly patients. By K. W. DEeNson and E. F. Bowers. 


Respiratory reflexes in man and other mammalian species. By J. G. WippICOMBE. 


Observations on the variability of the specific activity of potassium in the measurement of total exchangeable potassium. By 
>. STAFFURTH 


Localization of the renal mechanisms of excretion of mecamylamine and indolylacetic acid in the dog. By K. D. G. Epwarps, 
M. A. Crawrorp, W. J. Dempster, M. D. MILNE and A. SICINSKI. 


Serum haptoglobins and other tests in the diagnosis of hepatobiliary jaundice. By J. A. OWEN, R. PADANyiI and H. SMITH. 
The anti-diuretic hormone and liver damage. By R. R. CHAuUDHURY, H. K. CuuTtani and V. RAMALINGAS VAMI. 


Effect of vasopressin on the volume of body fluid compartments and its relation to aldosterone excretion. By J. R. Cox, P. J. 
LEONARD and BERTHA SINGER. 


The association between protein and bilirubin in liquor amnii. By A. E. WILD 


The effect of natural oils and triglycerides on the electrolyte transport of muscle cells in the rat—augmentation of the sodium 
pump. By DonaLp B. CHEEK, MALVINA MALINEK and A. B. Ho ct. 


Thyroxine-binding capacity of the carrier protein fraction in serum of patients with thyroid dysfunction. By A. BAKKER, M. G. 
WOLDRING and H. DooRENBOs. 


Studies on the efferent mechanism of the sodium diuresis which follows the administration of intravenous saline in the dog. By 
H. E. DE WARDENER, Ivor H. Mitts, W. F. CLAPHAM and C. J. HAYTER. 


Studies on the afferent mechanism of the sodium chloride diuresis which follows intravenous saline in the dog. By Ivor H. 
MILts, H. E. DE WARDENER, C, J. HAYTER and W. F. CLAPHAMg 


Subscription Rate: $13.50 per volume of three parts. ($27.00 per year) 


orders may be placed with your bookseller, or sent direct to the publishers 


CAMBRIDGE UNIVERSITY PRESS 
32 East 57th Street, New York 22,N. Y. Bentley House, 200 Euston Road, London, N.W. 1 











4 Tube Model 
Showing Use With 
Different Size Tubes 


2 Tube Model A id 
| 
a| 
} 
| 


Simple to Operate 


Insert tube in neoprene cup 
Snap tube into clip 

Flip switch 

Vortex rises, and mixing 


Instant Controlled | ‘ starts immediately ! 
Thorough Mixing 
in tubes of many 


sizes with the 


WOT UIE2M 
[MAILD<LSLR 


ELIMINATES HAND MIXING... 
SAVES TIME... INCREASES ACCURACY! 


Individual 3-speed control for each tube. 
Simple, one-hand insertion or removal of tubes. 
Eliminates stoppers, rods, or finger capping. 
Accommodates tubes up to 25 mm. diameter, 
up to 200 mm. long. 


ADAPTABLE TO ANY MIXING PROCEDURE 
IN TEST TUBES OR CENTRIFUGE TUBES 


Here at last is a simple method of 
eliminating the drawbacks of hand mixing. 
Avoid contamination and loss from rods 
or stoppers. Avoid skin irritation 

and inaccuracies from finger capping. You 
will be amazed and delighted at how 

easy it is to obtain fast thorough mixing 
with the patented VORTEX MIXERS. 


* 
ee 


Ask your Laboratory Supply Dealer for particulars, or write to: 


- 
Scientific Industries Ine. 
DEPT. JCI-9 e@ 15 PARK STREET e@ SPRINGFIELD 3, MASSACHUSETTS 


Clinical Pathologist Exhibit, Seattle, Wash. Oct. 2—5 





~ Versatol-A Alternate 


The Abnormal Blood Chemistry Standard and Controt 


Prepere for use Dy d¢ng evactiy 5.0 mt distilled weter te 
cath vist Mioe totutor te stand M manvtes before wting 
KEEP Im REFRIGERATOR 
Match lot number on vial wth lot number on enciosed card 
ach lot mumber is indiwidusty prepared 


AENERAL DIRQROSTOS — 0 WARNER CHILOOTT — wre wom + 


Reflections of a Blood Chemistry Standard 


To reflect without distortion chemical 


changes in the patient, a new standard-in- 
serum is now available to extend the range 
of the Versatol series. 


VERSATOL-A ALTERNATE, the new 
product for the quality clinical laboratory, 
has each of 16 constituents standardized in 
the abnormal range. 


VERSATOL-A ALTERNATE is essen- 
tially a mirror image of Versatol-A. 
VERSATOL-A ALTERNATE provides 
blood chemistry values constructed for clin- 
ically significant pathological areas different 
from those in VERSATOL-A. 


For example, the PBI in Versatol-A is 
abnormally low, the area which so often 
proves troublesome. In VERSATOL-A 
ALTERNATE the PBI is abnormally high 
— because so many have asked for an abnor- 
mally high reference point to use in calibra- 
tion—and, of course, as a control for elevated 
PBI specimens. 


Of course, Versatol is the ideal normal 
serum standard and control. All three stand- 
ards derive from a human serum base—with 
specific constituents selectively dialyzed out 
—or reduced to a constant level. Their 
known absolute values are actual weigh-in 
values, as is true of any primary standard. 

Remember: In the Versatol series you 
have the quality standard and control serum 
products at routine control prices. 





Initially, VERSATOL-A ALTERNATE is available 
in boxes of 10 vials each. Reconstitution with 
5 ml. of distilled water provides a 5.3 ml. of 
standard solution per vial. Cost to the laboratory, 
like Versatol and Versatol-A 10's, is $21.00 per 
box, or $0.39 per ml 


Place your order today for VERSATOL-A 
ALTERNATE and the other products in the Versatol 


series 
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